UNCLASSIF J’IEJL)

o 158 462

/uf ;'-':.,' ‘

ARMEE V2AVICES ThOHNICAL INVORMATION ACEXNCY
AKLI.\GTJ\ HALL STATES
ARLINGT™®  VIRGIN 3

UNCLASSIFIED

‘Best Available Copy



NUTICE: Wher gevenruent or other drawiogs, speci-
fications o other date are used for any purpose
other tha: 1in connection witkh a derinitely related
rgoverrzient procurement operation, the U. S.
sfovernmer;t. thereby incurs no resporsi%ility, nor any
obligation whatscever; and the fuct iihnt the Govern-
zent may have formulated, furrished, .. i, rny way
supplied the said dravings; <pecificntisns, or other
data i3 not tc be regorded by implicas.an or <ther-
wise as in auy xzmarer licensing the h¢'Jers or eny
cther persnia or cornointion, or convering any ~ights
or vaormiscion to manufacture, use ur zell arLy
ngtented inventinon that may in any way ot related
thereto. '

aest Available CopY



.\'C‘, - o './T Pl

’ .
p

= TECHN!CAL DQCUMENTS LIAISON OFFICE
UNMEDITED ROUGH DRAFT TRANSLATION

. . wmavich

_’58%6%

_ASTIA
r~ T
JUK 21 fo51; -

caraLoeen sy ASTIA

AS AD Ne.

L.
-

-

5
XEROX

——
™
"\

l [ o LY 4,8 8 el DO IE R A RA N ALY N A B te
C LT fart tey I P ST R R T L B K i) PIF AR LY
FPEE RIS DU IR DA T A ot e DI e WL
LI . P N YT I T Y I I UL B AR R FRCERTIY | P PO R TEL ML I BRETEE N |
i R IR T R TS ERIF S & LA P L BT R L N ey T
' L (O iery tet g v L L1 T L B 1) i)

Poate R

‘Best Available Copy



Best _
Available

Copy



MCIL - s22 .2

FTECHNICAL DOCUMENTS LIAISCN OfF.CF
UNEDITED ROUGH DRAFT TRANSLAYCM

' seeg " RS TR R N R R N SRR LY I LR

L S PP I T LR A N AR R a it IR LI 3L AN P 1

: . ! AL B B L ’ * PRAR L FERRLE

] vy # DRASELEN I Y1 A AY 1) A B LI I ! I BT T " YO BN AE U TR R .-,....‘-‘

PSR SO AT X I ISEIC I TS RSN LY IRV R B § £

Y] P ine . e ) v AT v

'0.“\.’ ‘!‘
- e e —

Best Available Copy



v 4
HOMMLE KRS

B T & R

it Tr'™iee

Tenin, raZ, 'otw

forei;n Tareus 2-37
110360

. Best Av

0
)

ble Copy



T=L00

. - o CuNTNe

s s e s esr a0 s S0 0ee e

. “ew -".
.o, - R N T
. ST,
4 v 2. Errescersseccnse
- M - -
- .. C ey
. . e

ii

LT Y

- s P
Pnls
.
- :"
~ e
I+ A
.
. .
a.
. e
=t
L R
sur
. LI



.

The book contains ccncise informaticn (based on foreipn socurces) on the pro-

perties of 1iguid metals used as coolants in nucleer resactors.

The topics discussed are: bheat trapsfer (in the 1iQuid phare or during
boiling and ¢-.icusation); the interaction of 1iquid metals with structursl
msterials; methids for removing lmpurities fram lioutd metals; and the peculiare
i1ties of desxign sad vperation »f systems with liquid-meial coolants.

‘The introducticn cealr witd tho requiremczts to be met by hest-transfer media
uged in nuclear reactore and vith weys of raisiug the efficlency of atauic power
plents erploying ltquid.retal coclante,

The concludiag secticns of the dook centaln 8 brief survey of saxe camestio
researchk work on ligQuid zetals,

The ook 4& dntcnded for engipee-a aud trchoiclens 4o plants and design
orgamizatices, includiny those ia the shipetuilding industry, as well ae lor
stulizta 4 jouer englneoring aud rurine ecgincering iostisuter and technicsl

schools.

Faua THE Ao

Liquicemetal cuolapte f£i8d sver increasing op;licaticn 1> the fleld of
wuclear engloseling.

dumersus sstielca hove teen sublisked a foreiyn pislodicals and actogrephs,
dealing vith studies of the preperties of liguic-ictal coclents and of their wse
1B auelear tvactols. Maby of these fureiya researed perere ¥.iil remsin wakaowe
0 the Sevies reader,

T complling this scnogreph, the authcre tntended to 4ive ¢ Brief ascouas of
the results of the m0es iaprrtant fareligs ressarch ccndusted ia the meia fislis of
applicatics ¢f liquid-aeia) coulente §a muclear euglnsering {ierts : ot I1),

A ecnaiaerehle pertice of e fereign resswerek ésw om 1iguid nstals emn do
found 1a the Lisuid Nase)a Jhasdhocke publicbed ia ke UUA. henever this moscgreph
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cites x0 reference for physicel constants ‘and cther quantities, they have deen
taken from thia particular handbooke

The invroduction provides a brief survey of the present svate of nuclear
engineering and discusses the advantazes anc shortccmings of iue liquidemetal
covlants as compared with other heat-transfer media used in nuclear pover plants,

Fart III contains a brie? survey cf scaue Soviet research in the £isld of
liquid-patal cocleants. A full account of the dumeatic reseurch in this field
would requirs a special monograph.

The authcrs wish to express their gratitude to Frofexsors, Lootors of Teche
rical Sciences, A. F. Alabyehev and A, V. A2°kir lch, fur tieir valusble advice
upon rcadin, the zanuseript, &3 vell as to N, No Yevdolimove forr teckinical ssaise
tance i preparing the {llustraticas,

The author: wiuld apprecinte all critical revorks snd suggestions which aay

Frove useful for further improvexens of wneis book.
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The Moet Important Liquid-Metal Ccolants

Propertive

Atonic [Atamic {Melting [Boiling |Thermal |Specific | Specifie

veight |sumter |potnt, |point,  lccaductie {ueat at | gravity
Mesal o % (p 3: |vity a8 ]ivo%, at 400°C,

atwo avs) |40c%, [x:al/kg | kesr
xcal/a |%
ar %

Sodium, Ma 22494 } 1 978 883 613 €.9058 8sk
Potrssium K 394096 | 19 63.7 760 3hed 0.132¢ n 3
Sodtum- )
potasaium
ellay
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Modwo bt [6a30 | 3 f186  [ayar (32 [re0 ™ :
Gedlium, Ga (69,72 | 51 |esd | 25) B2 0.082 588
Kereury, % [200.2 | 80 | -38.87 | m7 0.3  fo.c9 13600
.o (Ut |50 [ [ar [wa oo | s
lend.- O 7.2 | & A AT 13.7 (N 10530
Lesmuth, B1 [209.00 | ® m.e jun 33 0.0254 me
Lest-bise
ma alley
(vatestis),
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Introduction

Technological progress in aucloear sngineering depends on the reliadle perfore
mance and the efficiency of reactors and power syatems. The performance and offie
cleucy characteristics of atomie pcver equimment are determined to a comsideradle
sxtent by the choice of coolant, which iarlueancec the design of the reactor and the
power systex and effects their technolegical and ecorcmic indices.

An ideal coolent Zust hawve high s,ocific heat end thermal conductivity, low
viescaity, AR negligible neutroa capture cross section; it must be chmmicclly
steble 12 the opeceting tcxgerature range vien acted upon by nnﬁ f10lde, and
the resultin; redd-sesivity must be veak and of abort dwretiocn, The cooleat most
be chezically inactive with suopect to the reactor vessal end to the “ieaile
Taterial or the sheathing of the Beat-genesotiug units; the “oolant yaculd mot be
a taterisl vhich is sasree, ‘

Nena of the cetleuts prisently used meets all these requirements. In desigae
iry a2 ataafe reactor, 1t Deccoes uicessssy tc cumpromise by atlecting the coclaat
on the *asis of the particular sdvsntages it to offer,

For exanple, 13 seleeting veter for ihe sculeal wad neutrca moderator 48 o
viter-zodersted vater-cooled reactor, oae 1a influenced by the relative oony: 20000
O the resotor, Wy the wAlixited avallebiliny of water and 414 lov tost, evem ia-
eluding the cost of ehextead desadiiag, ead iy \be favershle heat-tramsfor share
astariatise.

AS the same tine, the drevbecks of Vater 08 & euoleat ogeat Yeduoe the Soche
sologlesl and eccniiie Walus of the sot-uj. Lo to the low Delling peiat of wter,
& jressure of ebout 100 atoe ads wust bo malnteined aﬁhmmnm

Roderate Sunperature of 1he eoolant ot the restior sutyst (about 300%)s The lev
| eajeravere of Water leaving W reseicr leads 0 Jov precsure snd Sengeratere of
e stem profdy, od W The 000 gIBeCator, 8ad 85 8 FeSAS 0 lov offistensy fer

. e
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the unit,

The high water pressure requires lncremsing the thickness of the resctor
ves:el, aud resulic ip ircreased weight, woiicia ‘s undesirable in prcpulsion power
plants. 4 rupture in sue veesel of auck e reactor hus seriouz ¢ransequences, as |
large sncuats of & 'tive water turn into steam, vhich subsequently condensres over
extensive areas, This darger 18 cczeidersaly greamter in the case of homcgener.»
secctors, where the squecus fuel saiution carries fission productse

Tadiolytiec cissceietion of voter fulluwed by reccxdiastion of dydrorep am
CXYEEN ¥olecrles Jequires prurisicns for rexcral of the «xzlotive mixture. 7Ti:
ecrrosive nropertiea oi watcr pale it neccisagy to line the reacter vessel v
stainlens steal,

As coclants, ofcanis CULEpuNril bave & mumber of v:dunu-gn orer ater: @&
higher boliiag puint 6% atzospheric (resaure snd Telatively low veper prsseure at
30C=350'C, wkich Jovers the recuiremant. fﬂ{!&t .-..mu vss3a)s Iue to irpedia-
t103 10 the .edlvaetive acie, Dowsver, orgasle ocimut. ungerse yolymeriation
fulloved Wy ehinges im suzs of thelr phyafcrl p=i evtics, and ot higher tempers
503 Ghsl) coupounds urdergo thermal Algsedisticc. Ksr.val ¢f polymerizstion
produets reguay:a edditional facilities, which eawjlicate cjarilon ¢f the wpig,

The licuideneta) ccolants Mevr a hiph bteijlug patat even st amcirherie
precoure, Thus tLe dolling point &2 souius fe €P390, This zakes 18 pvasible, i@
e teeondary cirouit of the atanie reastor, 0 vbials kighotamperaturs hugas
preasure stean or high-teaperature ght under aiilow lale presawe, A0 8 fesuls,
Btk stenn=tu.0ine and gao=turbiae muslear jowver plants oith Jiguid-Brtel eocled
S00tturs sad have high offisiensy.

AS 1Be preseat 1ine, 11guid metals apjear W W e aaly josslble soslants
for Dastensuttul reaeters, 80 the wie of gaoes is citluded due te the inpossidiliy
of odtaiaing sulfisiatly intersive Met removel frem & velwme or surfoce, and W
wie of water 48 not possible dus to is modereting astiea.
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A% the ssme tins, the liguld metalm have their drawbacks; they interact

chamjcally with water; scdiuwa and puiassium are inflamadle; mercury is toxic and

hag a high thermal-neutron capture crosa section; it requires a large amcuut =f

enersy to circulate lead and bisunth; and 50 Torthe

Selection of corrceion-resisiant structural materials «nd prot-etion of the

coolant fram oxidaiion are the most imposrtant engineering ;roblems enccuntered in

designing liguidemetal systems,

&3 will be shown below, the most premjaing coolants far increasing the effie

clency of atoriic reactors are liquid metals ey’ «ic7r. This permits overleoking

the storicomings of liquid-metal coolants, The liquid-metal coolents can e used

to espectal sivantages ia fant end dntyrmedlate neutron units es well as in liquid-

zetal.fiz) reactors,

The following brief survey «f the deveiorment triads i atamic pover esginewr=

ing and of the laycuts ard designs of stationary and propulsion auclear pover

pPlants serves 1o lesonstrate the importance srd the technological and econmmie

sdvantages, as wsil as specific drvawbecie, of sesctnre employing liquidemetal

coolantas

1. Ascais Flectric-pover Siaticaa

Cerstruction Fispninge By the year 2000, tke world cutpus of electris pover
18 expected to inerease 4 to 5 tines above the level of 1955, wher elestrisep-.or

output reached 1,500 billlon kv-btrse, The produstion of 6,000 billion kw-dre &

year will require a yvarly consunption of about 2,200 millioa tons of referedse
fuel,

Even &t present, in nodtt countriea expumtion cf electric-pover productiocs is
1imited by an insdequate Tate of mine developusnt and by %eo slow an imeresse ia

soal outpute The world cescurces of orysaie fus) are limited and amcuat, ia tens
of referense fuel, %0s

'eL/ssh e
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COAl - .cevecovsrsscrrore 2.6'101?
011 Y Y Y NIRRT Y 002’.1012

Natural @B ¢ ceanceionne 0,92‘&912
TUIAL 2,89020%2

The resources of nuclesy fuel ar+ oetimated, 13 terus of reference fuel (ia

tons), at:

UrtBiUD creeesecocecccses 61.5.1012

Tho‘l\m O.oo...oooo..'.l.___hs:ﬁ

TOTAL  64°10%°
Thus, the reserves of nuclear fuel exceed thoze of organic¢ fuel by 22 timea,

Fresoateday types of reuctors do not permit & high degree of weanjun Suraup end

|
|

can vtilive wil; & seull porticn of the heat equivalent of the available ursnium

ernd thoriwi, Caly alier the z. steriug of conwrolled thermonuclesr rcuctors will

P 0-eT regources bescze unliritei, Give the above-zenticned difficulties of ine

creadlng the cutzut of orzanic fuel, howsver, nuclear fuel o, fir the tlue deing,
the 2ole zu..a & coodting the out;at of electric pewyur in A aumdbetr Of countries.
Gue of these couatries is Britain, where it 4s jlaii.ed to relse the ousput of
atoate electirice over atationa to 6 million kv by 1565, and to 35 millioa kv by
1975,

ZRe-pisadsr 1n the ccnstructicn of atomis slectedc-ucvak staticas 1s the TSR,
dhere the £irss S000-hy atouis sleciricepow:r atatico AR thi world Lae Reed la
gucezaafhl, | ev-$ica since Juns. 195h.

AS the Vorld Sym;osium on Fower Resources ia Belgrede (ia 1957), the Soviet
delegation reported on the plans for developmeat of atomic power $u the Sovis
Uaige. The pover resourees of the USSR are estimeted ia Millicor of tons of vee
foronce fwel ae fellowe:

CoBl ccesscecsrnscocsscse 1974

N' 0C000000000000000080 u..
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13,5 1 P, TY -

TOTAL  225.%
Including the availsble power of large riﬁra. the total power r;soureol
amount t0 625,95 Hi1lion tons of reference fuel, not corsidering the reservus of
oi) and natura) gas,

The atomic elcstricepover staticns which we plen to construct in the near
future will be equipped with reactoss producing up t0 200+210 thousand kw of
clusirie power. Thus, one of the electric power atations undor constzuction viil
have two 210 thousanlslv resctors, each providing heat for the cperstica of three
70 thcusandekw steam turbires, Aunother electricepover atatiou will bave two Tee
actora for the operaticn of stoun turbizes with total pover output of 400 thoutapd
kve Y& piiu $0 conatrust four experimental reactora of § to 50 thousandskw
capacity.

Operation ol thage large stomic elestric-puver staticas and experimontal re-
actora vill provide a dasia for seleocting the moit rellable and scoacaiesl types
ef reretur pu.er Plants for further davelopmoat of atomle puwer in She USSR,

The eost of oue kilowstt-hour of elestiie energy will be lower at the atmie
elegtrisepover stations than at stations using ccal.

AS the present time, the firat section of the tve~xeactor Calder Hall statice
producing 92 thousenc kv is in operetica in Greas Britals.

Sven larger eleciricepover atatiocns are being bullt. Coastrustien of twe
500 thousend-kv atoaie electricepover stations has recexily beesa ajgroved,

AS Dounreay {3eotland), ceastruction s aow delng completed on aa atcamis
electricepover station vith an sxperimental fast-psutrca reastor haviag a 60 thews
sand=kv heat cutput, 71he coolant 1s sodium with & small emowat of potessiue added
% roduse the solidification Seuperature. The oore of the resctar 4o 0.6 u 4a
diameter and 0,6 B high, Tveaty perallel loops of the primsry-sireuis heat ez~
ShADSAr Pemove heat from 20 eore, Sad four other 100ps ircm the blaaket, Frem

Y
ncl/5%h




RV

the coclant of the secondary circuit (Na or Nak), heat is transferred to a steam
sencrator fe~dlng & turbins. The high temperaturs of tiae sodium majntains en
afficient superheeted-sicam cycles
Iz fastexrutircn reactors with a amel) core, high heat-transfer effioiency is
necessary. A reactor of this type dces not require s largs excese reactivity (1
to 1.5‘5; as against 9 to 10X in vater-moderated reactors). There exists a danger
that the reactor may explode in the event ¢i' @ ¢ccling system malfunstion permite
ting molten uraniur o acouzulaty iz the vesmel in an amcunt exceedicg the oriti-
cal mass, 70 prevent danger from sodium leaksa, the reactor unit ia contained ine
side a steel sphore.
According to British acurccas, the production cost of cue hilowatt-hour dee
livered by atomia electric powor stations la camprised of the folloving ftauws:
Depreciation cost (5S4 for 20 years) 0437 pence/kilovast=hour
Cost of the initial ureniun charge 0,06 .
Expenditures for replacement of

vuratup urecius (2,000 pounds

atealing/kilogrex) 0.24 U

Oreratii.g expenacs Safé o
TOTAL 0,73 peace/kilevatt-hour

v ceeds from pletcnium bred N 2 .

Net Cost 0466 pence/kilovatvehour

AS coeVefired electriespower stations iz Britain, the production c¢oet of ome
kilovattehour ia 0lue 9 0.7 punes.

It Lo oxpested that Lhe ecat 6f 1 Iw=br at ecal=fired elect:io=pover staticns
¢11) keop Sacreaning a.d will reach: 1in 1970, 0.67 pense; 1a 1980, 0.73 pense)
1s 1990, 0,CA pease.

Conversely, the ,. odustion cost of )1 kwelr at atcmic elestrisepowver stetions
vill fa1l frem yeor 0 7 @Fs

N
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Campoaent cogts of 1 kwehr
1960 1970 1980 1990
{in pence) ‘_
Degzreciation cost 0.57 0.30 0.26 0.22
Cest of uranium ciarge 0.0b 0.04 0.03 0.02
Expenditures for replacement
of burntup urenium 0e24 013 0,08 ek
Cperating expenses 0.06 0.05 0.C4 0,03
TOTAL 0.7 052 0.k 0.33
Proceeds from plutcnium bred «0.67 o0 «0.03 «0,01
Net Cost 0.66 047 038 092

The abcre sedustivn in kvehr coot at atamic electric pover staticas will be
nehicved by reduciz,s the cost of eguijzent and ©f urantus,

In the UZA, seastruction of atomic elestricepcuer staticos s expested %0
reach & tetn]l of 1 millicn kilowntts by 1962, from 5 to 4 million kilevatts Vg
1965, apt frca 52 %0 75 millica kilovatts by 1975; this is %0 be achieved Wy
putting 4o service 8 to 12 million kilowatts every yoar, The firsts USA atamie
electizic=powver atation, the 60 thoussnd=kv station at Shippiagpers, vas s iate
service in 1956, Ita rvactor had reeched eriticality in Desemder, 1957,

Ia Ziapgse atonie slectricepover statioces will produce 15=35% of the slestrh
pover 4y 1975« The first atomis elestirio~power station, at Herecule, will dave
an cutpus of 30 thoussad kv, and the sescad, at Voine, aa output of 60 thowsend
kv, later o, cae atamic slestrie-power station vill de placed is servies eaeh
yoar, and the sapacsity of those steticas will be gredually iseressed.

20
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In the Feders) riopudliec ! Germany, 3 to § atamic eleotric-power steticas
vith a totul 500 thousani.kw capaciiy are to be built by 1965,

In Sweden, two atonic electricepover stations, *Adan®, with a 60 thoussnd-ky
heat cutput, and *Eve®, with 3 100 thoncapdekw cutput of elecuric power, are to b
scudtructed by 1300. The outjut of the atamic electrricepower stations 1s expected
to reach 800 to 1,000 thow.and xw by 1945, 3 to © million kv by 1970, and 6 to 12
million kv by 1975. The cost of electrie pover at the arwuic ataticus will be
kalf as much us at the coule-plants aund will ba equal to that at hydraulic electries
pover stations.

Loy, Fipland, apd Decu-rke together with Ssvdsp. plaa to tulld stanie
elecicicepover statinng, In Nerway and Fialerd, reactors will be dully to go-
duce steax for industrial purpusea,

In Belaluges it 48 placnad to eonstrust in 19621967 four etcnic electric~
pover atatinug with & conbined cutjut of 5006G0 thouvend kvj thuoe stations vill
groduce 15K of the tatal cutput of eleciric povers

In . vitaerlend, SiAlRe &nd other luropead ocuntries, plens are 1140 beisg
rase for construction ¢f stumle electricepover atations.

In Britain, Japsg bos crdered equipmest for a Calder lslletype atcais olestris-
pover stwation vith a u.. W-n sapacity aad ia the USA, equipment fer o
Shippiagporvetype avaticu with o 134 thousamdekv sapaeitys Reastor ‘Seeige of
domestic tyje are wiicr development, By 1965, the cutput of atmic elestris-pover
statices 13 capestad 40 reach ASO thowsend bry

In Cabadas losi are deling made unlhuomuauam elestriopover
slation VAN & 10-3C Akomsend-by eapaeily, vhied 13 later 10 Do izereased to 100
showsand h.‘ Iy 195. the ateuie elestrie=pover stations erve cxpested %0 prelwse h
158 of the totm) cutput of eleerrie pewer,

Sasimend S0 Sieeis Kleasrie Pover S0atiasae Tve Atcats Kleetrie-pover
Station of the Acoliegy of Setsases of the USSR 15 eqeisp & vith o thermal wreatme

4 .
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graphite reactor which is wster-cooled under a pressure of 100 atmos ata. The
heat exchengr=s produce steam comprassed to 12,5 atmos sbs at 260°C. The fuel
used is urenium enriched *3 S 0235.

I: September, 1958, operatica began of the firss seotica of the second Sovies
atcaic elsctric-pover station, with a capacity of 100 My, Its full capacity vild
*s 603 Mv, which means that this vill be the largeat of the atcmic eleetric-pover
stations piesently under construstion throughout the world. The statica is squipe
ped vith therzmsl graphite-moderatsd vater-ccoled reactors.

" The 420-Mv electric-pover ataticn under constructicn vill be equipped vith
tvo reactora vith an electric output of 210 Mv esch. 4 heat flov dlagrem of cae
of the unite of the electricepower station is shown ir Pig, 1s The heas output
ol ths reactor 13 760 Mv, Veter 1s paased through the reactor at a rete of 31,500
©3/hr under a presaure of 1G5 atwos abs at an inlet tempersture of 250°C and aa
outlet tewpereture of 275°. Tlc water is delivered by six cirewlating pmps of
the glandless type.

wel/35h )




Fige 1o munwaumonummutmm_

nel/s%h

aumis electricepover station,

1= reactor; 2« stesm generstor; 9« veluse mﬁcn
4= cireuletisg puxp; S adding pump; b= atedm turbine;
7- melsture se;arstor; 8- atean for the feed water heaters
9= ecodenser; 10« condensate puxpi 1l= regeaerssive
heaters; 12- feed pump) 13- dessrator,

A= To vater purifier; D~ from weter gurifier; Ceo 740
Moy De mitrogea; 3- 6 x 20 tcas/irs Po 29 stmos ade
at 231°C; G- Mighepressure ayele; Be lowspressute eyele;
To 32700 I 6x300 /A0 ke b3 250 8O0y

Lo 35 atacs ade; M- & x 5250 3/0r; Ne 105 amos obe
as 250%,




F-wo eaca ¢f the reactors, water heated to 275°C i1a delivered to 51: atves.
cenotators, eath of which produres dry saturated steam cumppressed to 52 atxos ads
at ~;5°c at a rate of 230 tons ger hovr, The stcam generatcrs ure of the hocie
2usntal tyzes .ith U-schaped tubes. Each two steem jeuweratore supply steam for a
two=snsing 7C-Fw iurbine with intermediate steam separation between the hizh-
sreusure and the low-pressure sections,

A eross section of the reactor of this station is shown im Fig. 2. The
uraniva dioxide hategenwrating elements are located within a core 3 u is dianmeter
snd 2,5 m highe The replacement tusket houses 349 hexahedral fuel tubez arranged
{r a trianguler lattice vith 147-x31 spacing. Tke 3.2-; loag tudes are made from

2-:1 thick zirconium tubing; the hexahedron is fnscrived in & circle 165 m in

diameters
T b n
J ’ ;: ; .
.(‘ ;- : ;{_ o
'l‘ '—L.? }r.!.‘: s“:.'\ - : -
‘ ‘;-' -lfl“_ » "».éz_:-"i =
e
. ' {
- "ty - |
—~ - - . - 904 - -
Fige, 2. Prossurized-wvater reactor.
1- water inlet} 2= vater cutlet; 3« replacesent beskes;
4= fusl element tubes; S5- core hollow; 6= caompensating
subes,
iy~
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Tk~ rescter veusel 18 3.8 m in diameter and abous 12 3 high, and is 100 m
thick £n its lcwer seces - and 180 wa thick in lts upper section, whrich 1s covered
with e roewesule fley 11d. The vessel is arde of medium~ienperature steel with a
yield poiut of S0 Lo/mm” at 325°C. The weight of the vessel withcut the 114 ia
172 tona; the total wel:ht of the 4ry reactor is 420 tons.,

.n¢ uraniwum charge cuagiats ¢f 17 tons of natural urarcluz dioxide end 22 tcas
<f wreniwy Gloxide enriched to 1.5%. The vessel 18 protectei from the action of
nentrene 1y a steel shield LO tc 90 ma thick end 2 leyer of water 200 mm thieck,

The reactor is ccatrolled bty shim tubes containing a neutrone-absorbing
mazar;ai. Tﬁer;“a;é 8ix scram tubos and :wo autcmatic coatrol rods.

Stenm enters ths turbine undor a presaure ol 25 atios abs and, before entere
in; the low=-pressurc cycle at 2,2 atuos abs, is dessicated in a louveretype
seperator,

The cover-all efficiency of the atetion is 27.5%. The npereting electric-
power copsunption 18 7.455. The station 1a expected to be put into 3ervice ia
1960,

A secord large etomic clectricepower station (LOC Mvw) will have a ureniume
grophite reactor. Water heated in the reactor will trassfer heat in & ateam
generator praducing steam at a pressure of 90 atmos ads, Subsequently, the steam
vill Be superhecated to 500°C in special channcls within the reactor. The station
will be eqguipped with 100-Mv turbines set to operate at 500°C on standerd stesm
under a pressure of 90 atmos abs. The fuel charge will consist of 185 tons of
uranium eariched to 1,2%,

Construction is aleo planued for four experimental reactors including a
boiling reactor vith a J00-My heat ocutput, aupplying ateam for a S0-Mv turbine.

A projected graphite-moderated liquidesodium-cooled reactor vill have a 150
to 180«M« heat output. The heat exchanger of the tertiary eircuit supplies steam
under 170 atmos ads at 500-510°C, which is delivered to a S50-Mv turdine,

“1§e
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Anctler exprrimental ireactor will have a 200-M¢ heat output and will operste
in cunjinctice with btreedinyg of iaY froa 0?38. The atean will bte used for s
f7l.ea T .rdbipd.  fhe coolsut 48 sodium. Toe heat excheuger will prciuce steam at
5C6°C under a [rec.ucre of 9C atmos eba,

.a¢ fourth reauter 48 ¢f the homogenecus type. Heavy water will serve as
zoderator, rnd 3 heavy-water solution of uresnium salts or a suspension of uranium
v viorium poeders will be uxed for fuel, Tho32 will be uscd for breecisg 0233,
The hest output of thé reactor will lie between 25 and 35JMu. |

The Tiizt British atcadc eleciricepower station, Calder Hall, uses graphitc-
roderated COo-cooled vranium reactors with a heat output of 168G hw,

The grayhite stacking of the reactor 1s built in the shape of a zi-face prism
11.9 % aerces, 8.23 m high, and weighing 1,146 tenn, It accomrodates 1,696 verti-
cal fuel channels in groupe of sixteen, The graphite stack ia placed vithin e
ctecsl Jacket with holes througk which tekes place circulation of 0.5% of the COy
uscd in the cooling of the steul case,

Fuel uscés ¢f zeturel uranium, 1,020 mn lorg and 292.2 mm in diameter, are
sheathed in ma_nesiun-allcy casings providod with transverse fins to facilitate

haat exchange. The thermal shield, consisting of steel plates, is 102 mm thick;

the biologi:zal shield, made of concrete, is 2,14 = thick,

mele"5h
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Heat flov dlagrea of the Lelder Hall Atcals Electris
Fover Statiea.

J= reactor; 2= $0p extauster; 3- CC, exbaust pipe;

& filter for the CC; sxheunt duriag shuvdowa; S~ hest
sxchacgery 6o relief walve; 7= turdine geasretor;

8« condenser; % ccadensate punp; 10= deasreter)

1ie standly condrnser; 12= food pumpi 1)~ 1iguid«COy
taak and vaperiser; = /8 blower; 15- filter treps
for redicestive matter,

A= 100 N} D= 105 toma/hr; Ce 3,67 atmos ads ot 171%;
D= AS Scas/hry B- o3 atmce abe at 313%; fe Mghe
yressure oyele; Ge lovepressure eyele; B- 43,000 hwy
Ie 0.08% atce ab8; J- shemm.
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The heat-flcv diagram of the Calder Hall atomic slectric-pover statica is
ahown in Fig. 3¢

Cerbon dioxide is delivered to the reactor with the aid of four gas blowers
vith a capacity of 227 kg/oee, operated through & 1 542-kp drives The blower
shaft 1s sezled bty o flcating ring cuwtacting the butt surfec<e of & slesve cu the
drive shaft; the crrtact sursface {2 continucusly oiled.

Fron tbe rescter, the CO, gas ia dclivered to four teat exchergers encased i»
houslngs S3eb @ Bigk with an fener dlszetsT cf 5.28 m. Fack houring ezclosss
steen geperstors with capacitles cf 45 toos/hr st 1he3 atzos abs exd 3139, amd
1345 t00s/br at 3.67 atmos ebr and 1n%.

Lack steam-generator pair supplisd o (Se-bv turbines Iz ti¢ highepreasure
secticn, the 14.3-atxos aba steza o worked dowu t0 3.67 atxoe ads and mized vith
steem frowm the lov-prassure stesk gezerator; it subsequently passes thireugh the
1At stages 0f it Ligh-;resrure dectics end threvgh the doubleflow lovepreseure
section,

Thae gey effictieccy ¢f the :taticn 18 T1=22%; by s2pleying regeceration, i
¢:0 be lzerrased te SS-itf,

Largar stiale eleciricepover ataticas 1a Rriteiz ere oleo plenned; they are

%0 b8 tquijjed wild gre;hitesmotersted (2:=ccoled amtureleurszium reactors.
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Basic Specifications I Sritish Atamie Electric-pover Staticas

Equipped wlth Sruphite~-zoderated Cas=cooled Reactors

Juzdber Turbize Ursnium Co, Total Year of
of generating | ckearge rer | preasurs, { capacity, [comple«
Station reactora | capacity, [resctor, hdena ] tion

by tous

— - — -o-o

8223 13c 7
4z 0 40 8.3
éx52 S0 10,6
6xéo 51 10.6
6x 9.5 |300-a00 (2225

1958
1960
1560
196
1962

Calder Hall
Eerkeley
Bradwell
RBunterstoa
Hpkley Folat

T8E Y B

The reactor of ths Eredvell eleetric-;cner station has o 525 heate
generating cspacisy, It ecre 10 15.2 » o ciammeter nrd 9,15 n Mgh, a0d cone
0ias 3,00 elzanels, vhich seccazcdate Baghesiui-2)1cs-steathed uwrenive reds
about 35 mm ia dlameter. Ihe Eazizum tunyersturs o6 the surface of the fuel
rods 18 425°C) the mezimua temperalure of ke COp @8 15 J0CTC, The efrenletion
of the carbon dionide i madatained My 8ix pgas Slowers. Bach of A% Dlewers ia
opersted Wy & 3,000-hy drive,

“20 graphite ataeking is conteined in 8 T6oum thick steel sphere Nh 5 12
diemeters The core walghes 2,000 teas,

e Melegical akiald (eonerets) 18 iu75 & tieke The reted wrenlwe Yurnmp
15 3,000 v daye/rens,

_ The resster of e Miakley Folat sleetris-pover station (Fig, §) is designed
- for & hoas cutput of 900 Mu. The crephine swekiang 1o sioped 1ate & =fuee

A%
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priza. The ulsmeter of the ccntalninug sjhere 1a 20.5 ©; the thickness, 76 mm;
uid the welght, 1,700 tcne. From tho icactor, heat is transported by carboa
ciexler to LiX Slcag geserators of the duslejrsssure type, The blowers are

Loratec by LO=30-Mw o Arives.

Fige. 4« Croes section of the rcactor room of the Hinkley Point

atomic electric-pover station.

1= reactor vossel; 2- tuves for fuel elements and for
coctrol rods; 3~ highepressure drum of the stean gen-
eratnr; L~ lowepressure drum of the steam gsnsrator;

5= gas bdlover,

The efficioncy of the Hinkley Point electric-pover statica is 26%; the in-

stallation cost, 120 pounds sterling per kilovatt; and the cost of 1 kilovatte

@0-
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kour, C.65 pence.

Sutsequent elect ic-power stations will be using berylliumesbeathed fuel
rods, which will permit reising the temperature of tho yaas leaving the reactor.
A3 experimental reactor 18 preserntly being designed which wiii use thorium and
ur-nium-233 ae a fuel.

The reactor of the first USA atamic electric-power plant at Shippingpurt las
e desiyn aimilar to that of the Sovict reactor ahovn in Fige 2. The heat-gener-
atiry, capasisy of the American reactor is 231 Mv, a4 the turdine output is 60
Mye uater 1s circulated undii & pressure of 140 atmos ade and has an inlet teme
pevature of 264% and an outlet texpersture of 2B3°c. A vater flov of 14,000
2/ur s salntaived by four circulsting pusps,each with 1,200-kw drives,

The reactor wessel, 9.5 R bigh apd 2.75 m in ciozeter, 1e made Of cardom
stesl 216 m thici, end welghs 230 tons. To preveat zorrcsion. the vessel s
1ined vith shsets of stainless stael 6.3 mm thick, Ca the cutaide, the vessel
is heat-inzrulated vith pressed glass fider 100 mm thiek,

The ¢ylinder-ahapid core has & height oud a diamcter of 1,09 ac The Meat.
generating uniue are placed inside a thivewelled staialeas stes) cylinder 2.4 &
in dlemeter sy purted by o steel grid. The thick-walled outer vessdl is protestd
frem redistion by two congentris steedl screvas.

Scae of the fus) uaite used are ia the form of 2-am thiek vertical parsllel
sircoaiun-uranium-2110y plates spaced i wm apers ead installed ia square 3irecaim
baxes. Urasium 18 enriched more shen 508, Esch fcur boxes are welded inte o
2483100 20 that the 27aced Betuoea thet form & ¢ross 1a vhich & eress-shaped
Mafelum control rod sea slide. The emouat of DXI5 ia these wits 15 52 kge

The reat of the Mol waits ecnsist of sirconivm tubes vith a Alemeter of
10.5 an and & wal) thickmess of 0,7 mn, filled with aaturel wesiuws oRide %0 @
tetal ancuat of 11 sons, Dundles of 100 tubes are welded o squarc-sinped aire
coalum plates, formiag & section 350 *m high. Aloag W0 \.03-a Doight of the

e
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core, these sections are stackud by sevens between the top and the dottam gridse

The four heat exchangers produce 447 ons/hr of saturated steam at 40 atmos
abs and 251.°C. in the high-pressure cycle of the turbine, this stieem expands to
3.16 atmos abe, acouiring a mcisture content of 11,65, The moisture j» removed
by a centrifugal aeparstor; x‘rom. there the steam entera the lovepresaure cycle
with a 1§ moisture content. Upon the expansicn in the lowepressure cycle to 0,05
minoe ab9, the stesm has sn ultimate zmolsture content of 12-13%.

The rated efficiency of the Chippingport station is 26,58 withous regeners
aticn apd 29450 with receneration,

The estivated constructicn cost of the station is 180 dollars/kw; the cost
< 1 kwehr 18 0u4 caat,

. The secozd atamic electiricepover statiocn under ccastruction ia the USA at
Indtana Fotot (aiz) will have a capacity of 236 Mw, of vhich cely 140 Mv are
produced fram suclesr fuel, acd ke rezaining 96 Mv 4o on oil-fired stesn super=
huntele The resctor at this staticn 4» of the :-ie ty;e us 8t Shippingport,

The heat exehangers pruduse 800 ton./hr of satureied stesm at 29,4 atmcs ade
anl 3%, which is autsequently superbeatea to 5:59C; the effictency of the
statlica is 31.88.

Sush miziag of auclear add organic fuel is act o fortuzate 3olution, A mere
sdvanced approsch 1 10 ba found at the Soviet electricepover station disoussed
above, vhere eteaa is supesrhested in the reactor ehamanels,

The above exauples show that pressurisedeveter reastors make possidle Atation
effisieney uf 3C to 265, By suzerheatiag the otonn iu scme of .ue Teastor slane
2els, the effisionsy ean b6 ratssd t0 20-308. Reastors sceled by aigh-bolling
1iquids promise 1o Inrise the efficieasy of atonic elestrie-power plante atill
further, 01200 the vessel deed 208 sustaia r-sssures of 100150 atmcs ade vhea %he
e0olaat temperature resches A00°C or shove at the cutlet. Amcag swth Migh=tume
povatere 1iquids are soliea etels, watal slleys (scdim.. sodiwm-potessimm, lrede

seleS5A -
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biamuth, mersury), or organic cumpounds {diphenyl, diphenyl oxide, and the

terphenyls).
The physical propertiea of same organic coolents are given in the following

table,

Cooiants
Ciphenyl| Terpheayl 'p.
lacmer
rhyaical propsciies G-Terphenyl | K-Terphenyl T"’”“‘
nixture
Melting point, % 69 60345 5058 5-85 200-215

Bolling potat, % 258 364-418 330340 568-378 381.308
Vapor pressure, atacy

abs
at 38’0 3.7 N Y 0.8 -} 00’
at 425% 1 2 3.4 2,0 l 1S

42 experizental AS-Mv thermal and 12.5-Mv elestrical reactor is uwnder con-
strustion ia the USA; A% will use diphenyl Vedh o0 zolereticor and as coolsas, The
cure of Shis resctor is 2 m kizh and 1.4 & 12 dlemeter and scomodates 138 peck-
ages of fusl clemeats of square ercss sestiocn. A paskage ccataise 10 alminm-
elad uwanivm plates. The ureaium 1o cariehed % )08,

The dipheayl 1o svatained ia & thin-welled teak. 4 150-m thick sheet of
earbaon stesl is installed arcund the eurs, servisg as shisldiag frem thermad
noutzons. The BAZLME tempereture ca the surface of the fus) elensats is 339
and ot he ccater, A37°C. The resstor Mas & ceted wreniwa burnup of 3,000-4,000
huredays/oen,
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The diphenyl circulates at a rate of 3,000 tons/hr, passing down the cors
channsls under & pressure of 3.5 atw:s sbs, reaching 8 temperaturs of 325°%C,
and subsequently transporting the keat to two heat exchangers, each Jf which proe
duces 37 tous/hr of steam under 29 atmos aba at 280°C.

#1th these steam characteristics, the efficlensy of this station is ebous
the saze es that .f the Shippiungpors atation (with a reactoer cocled by water
under a pressure Of 140 atwos ads),

Crgenie coolants make 1t possihle to achieve s scuewhat higher efficlecoy
than when wotél §8 useé, Their maln advantage, hovewer, ccunsists in their low
pressure at a higher cutletl texpersture thamk oceurc in veter-cooled reactors;
this reduces the required thickresc snd weight of the reactor vesse!, A dis-
aivantage of the orgesis ccelazus lies in their lew heat realstance. Witk @
zajority of crgocic coupouads, hesting abuve 350-500°C 1eada to intensive thermal
deccrposition wbose producte (resiae) ixpede hest sxchange and csa clog the fuel
ctannels, Syecisd facilitiss for the rewowal of polymerizatioa produsts (highe
molezularevaight compounds) mean more satplex jrocedures and mcre costly equipe
L 1Y

in the USA, producticn ba: been started zf asn urgeaic aoderstor, Lacproyle
diphesyl. An experimental reactor employs & 20iid moderetor, polyethylene.
Clayorites of lesd and polysthylens are used for shieldiag ia some shipboard
Teastara,

bore yrouising are the liquidensta]l heat trensfer ageats, capecielly sodiwm,
potassiun, amd their ellicys. The disadvantages of these metels are: explosien
Maard, fire dasard, the possidilily that shemical ressticn prodwsts my form,
and e nood for Mating the sireulation sireuit, sinee M asd & sndidify ot
FOOR LONMPITe Wure,

BMamuth and lead-bimmth a)lays preseat ae explosien or fire hasard, Wt
ey require sore sneryy for eirculatics asd 1esd 10 greater eresica of e

L
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eirculation eircuite

Experimental graphite-noderated sodium-cooled reactors sre under construce
tion in sope countries. Compared with gas, sodiuz permits a higher heat yield
Fer welight unit of wranium, 1iquid sodium reacts vith graphite and impairs its
moderating properties. Graphite is, therefore, protected from contact with
sodiun by metal (e.g., 3irconium) cesings with lov neutron sbacrption. The
presence of such casings in the cc.e affects the neutrcn bulance unfavorasbly,
ard makes it necessary to us¢  riched ursniums This 18 the disadventage of ihe
scdiunecoolcd reactor a3 oScopared vith a gasz-cooied trpd,

In April, 1957, an experimental) grajhite-moderated sodivmecooled reactor was
ut {uto service ia the USA; it has & heat cutput of 2¢,000 kv and vas desigaed
to serve as a prototyps of a high-capasity powver reactor, Its core amd reflestos
are contoined i & steel vesse. 3.8 m bigh and 3,36 o i dianeter. The graphite
zoderater consists of 119 hexaledral coluzns arranged iz a trisigular lattice
witk 283-mz spacing. The prisms are 3405 B high, vhich inclwdes 1.0) a exteading
icvo the core and C.6) m extending iato the end reflestors, JFor protestsica from
the sction of sodium, the graphite prisms are pisced in 0.8i-am thiek sirecoatum
caninga. Fach columd vontains a eeatrally located sirconium tube with aa imaer
dlemater of 67 am and & vell thiekness of 0.84 ase lsat-generating uaite 1.89
» high are plased iaside zirecaium tubes; they coasist of clusters of 7 slemente,
cach contaiaing aa essenbdly of 150-am long slugs. The ureniuwm slugs, 19 mm ia
diaxmeter, are ccateiasd 1n 0,25-mm thick amainleus=ateel tudea. The slugs are
thermally boaded by & NMeeh alloy filliag the 0.25-am amanlar gap detvesa the slug
and the tube. The cads of e tudes are filled vith Meliwm, ccnpensating for the
tharmal expansion of the Ma=K alleye

The fusl rods of a uait ere separated Yy epirel spasers asde of steinless
vire,
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Sodium circuletes upvard inside the zirconium tubes, where it veshes the
fuel rods sod is heatad from 26C to 5169C, The temperature in the center of the
fuel rcds should not exceed 650°C. Tue enrickuent ¢of the urunium with \1235
isctope is abcut 3%. The sodium a’so0 ccola the casingr of tbe graphite colums.
Resctivity is coutro:led with the aid of four rods scntaining a borone-nickel
allay,

The use of uiltumeccoled graphite-uodersated reactors ulll be justified only
if ~he cotrt of the graphites-moderated sudiumecooled reactor is coasidersvly heice
that cf deg~cooled roagtors,

Flans bave been annoucced t¢ build & reactor with beavy vater o3 & acderator
and vodiua ees coolent. 1o suck a reactor, sodium zuot de preveated from making
coctact with the Reavy water,

The idea of o 1iquidemetal fueled reactor ie vorsh iavestigatiog. 2 diagrem
of & 21C=¥ plant with such a reactor is showvn in Fig, 5. The care comsists of
e grerhite vessel suttaining & rephite eylinder 1,320 n in height and ia diamster,
baving verticel chacrels Sl sm ia dlaxoter arrsnged is o trisnqular lasties
spaced at (9-an intervale. A uresiua-dissuth sllcy is circulated through the
core channels, The allay circulates at & rate of £0,50C tcaa/hr; the inles teme
pereture of the alloy 18 400°C, 138 cutlet temperature, 550%C. 500 Ms uf Deat 1o
gonereted ia the core,

The grephite vessel of the sore is contained ia o ates] vessel 4of & Mgd
a2 Ja7 & 1o Jlameter, Th4 QABMIAT ga) botwesa the culer vessel and (dw sexe
vensel 45 filled vith graphite rods 60 = ia dlameter and 110 am apart, Botvicn
mmem;mc..a,u,muuu-umummu. is eirenlated,
he 8llay sireulstes st 8,050 %ona/Ar. The heatogeasrating ssjecity of the
bleaket is 50 Mv; the total hestegeasreting sapesity of the resstor 1o 550 Mv,

There are plass to wse resstors of this type for progulsica purpeses, Wb
wvith the bisaket replaced by a grephite reflester.

e
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Fige 5¢ Heat~flov disgren cf slectric-pover stAticy with o
liquid-getal fueled reactor,
1= reactor; e c:rv beat excherger; 3= ccre cire
culating fusit 4= lisnhet bent vachanger) S= vloaket
etreul. . ting puaj, 6« “tens gecerator; 7o 1aternedinge
elrcull edrculetivg ;ung; Ge stean Surtise; 9 s~
denser; 10 ccndensate pump; - deaaratuor; lie food
punge
A= 50 Moy be 500 My Co 09 ammos ade at 480%;
D= highepressure syele; 3o lewepresoure apele;
R 870 vns/ir; G- 80,500 (ats) wasnr; B 5,050
toa e
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genorator, which produces 870 tons/br of stear at 85 atmca abs and 480°C. This
steam operates a 210-Mv tvwoe=cylinder turdine. The efficiency of the plent is
ebout 33<. The ipstallaticn cost is estimated at 238 dollars per kilowatt, and
the cost of 1 kilowatt-hour at 0,78 cent. In a reactor of this type, the tem-
perature of the alloy c¢an reach eoocc and xore, whkich, where sodium !s used fn
she intermediwte cirecuit, jermits ralsing the efficiensy to 35-38%.

Fige 6 shovs ¢isgrams of plants uaiag liquid-aetal-cooled reactors.

1f, i the inturmiiiete circult, nercury ia used (Pig. 6b) instead of the
scdfux-potassiuz alloy (Flg. €s), then 1t 12 pursible to obiainm aercury vapor
under & pressure of 10e15 atmcs o™s at & tecyersture of 515-550°C. Upom leaving
the zevcury vapor turbdbine, the cercury vapor can exchange its latszat hest of
vaporizaticn 12 a cocndeussr add generate steaz unler 8 ivasure of about 30 atace

eda, wbich will operate @ cocveaticral steaz twhine,
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HQat—floi diagrems of pianta with liquid-metal-
cooled reactors:

a- three-circuit plant with a conventicaal steam
cvcle; be threewcircuit plant with two-stage
mercurye-vater cycle; ce two-circuit plant with a
boiling-mercury recctor and a two-stage cycle; .

d- twoecircuit plent with a liquid-mercury cooled
reactor and a two-stage cycle.

l« reactor; 2 snd 2'- heat exchangers; 3 end 3°%-
..¢irculating punps; 4 end 4'- uteu‘i' und' i:ercury-npor
turbines; 5 and §5'- steam and mercury-vapor condensersj
¢ and '~ condensate pumps; 7~ separator-expander;
8- circulating pump,

A= Steam; Be d); C- Hg vapor; De 10-15 atmos adbs;
E- 30 atmos abs; F- H0 steam; G- ¢); BH-~ d).
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Such & two-sté.e nowere-generating aystem will have an efficlency of A0 at
a Grcury-vapor temperature of 500°C, aad 45T at 5509,

The use of mersury in the intermeiiate circuit will not only increase the
effi-ieacy - ¢ the syatem but will also aimplify it, since there will be no need
for heating the intezrrediate circult, as mercury aclidifies at minus 39°C.

Mercury was usad as 8 coolant iz the first Causdien thermaleneutrou reactors

The large neutrca capture cross section of mercury is an obitacle to its use
in therma) reactors. If an cccaczical way could be Zound t0 rezove the 3‘200 and

5‘201

reduced 3ixfold. l

{sotopes from mercury, the crose sctica for 2lov-neutroa capturs would b

In fasteneutron reastors, mercury can be ussd to reuove deat directly frem

the fuel elenents, since, with respect to fast neutrons, asrcury has a total

cross section for asutrou cspture of the 2ame obdes 83 lead and biwmuth (Fige 7). t
The 3 curves are those for tharmal cewtroos; tke botiom cacs, for fast asws 5
[]
|
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Fige 7+ Total neutrone-capture croas sectivas of liquid
xzetals as functicna of seutrod eaergy.
A« Total neutroa cross section, dbaras; P- neutroa

ehulyy, ov (for fas' neuirons, Mav).

AS the Second Intercationsl Coaferencs .o :oenceful JVics of Atoale Itergy 8
195¢, the Scviet deicgatics anncuneed that operatiua of as experimental fast
reagtor exploying mercury a5 & ¢ lant had begua receatly,

The aimplest and oot econamical laycut vith a fast reactor may be o lay-
out shova i Plg. Ge. Meve, genereation O mereury vapor %akes place ia the
chaanels of the fuel slements. This caee-through layout for meroury vepor gebe
eretor has ot yet beon tested under seai-industrial or indwatrial comditions.
A nore reliable but scmevhat less cconcmicsl layout 1o ahows ia Pig. 64, vhere
mltiple foreed eireulatior of msreury wnder overpressure takes plaes ia the

1000%F, The mereury vapor is genideted ia an expander-type separeter. This
wpe of mereury vapor geacralor has et tested under so. l-indwstrial ecnditions.

-
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When the surface temperature of the huctegenerating elements is on the order
of é50°C, the twoestage mercurye and water-coclcd plant can reach an efficiency
of 502, which is not possible with other liquid-metal coclents. XIa the case of
gas-conled reasters, an efficlency of 23-26% could be reaghed, given a fuel element
surface tezperature of 400°C. With the use of metal jackets, vhich parmit teme
peratures as bigh as 600-650°C, the efficiency of ges-cooled plamts cea be ia-
creaaed to 30-35%. Wwith bollow ceramic fuel slements, the opereting temperature
is expected to inerease to 200%C,

“itd wrenium or thuerium carbide fuel elezents in cerumac or graphite casings,
s 83 (c.rbon dicxide, heliua, hydrogen) can de beated to 750+1,000°C. At such
seaperatures, gas turdizes ced be used with very high efficiency. Uleaiga atudies
have skova that, at gas tecperaturer of aluut 7509C, it is possidle to operave
elo3edecycle gas turdine unite with an output ef 100 to 300 Mw end an efficiency
of iCei2l. At higher tamperatures, btoth the cut;ut and she efficiescy of gas
wtirdine plaats will te even Ligher.

Thus, <f #)1 reactor types ferzitle in the uear future, the moss etconcmiosl

will Be the gaueccoled or liquiderulalecooled reastors,

2. bobile ~pd Txesozoriatie Jnise

Por desers, polar, and ncustaia aress stere fuel delivery is diftisuls,
atomis powar waits are the mcet reliadbl~ aad convenieat soures of sleetris sasrgye
The firat 2,000«kv eleatric=pover s%ation of this type has boea buils ia the
Soviet Unies.

In the QR4 Jowerzpasity srecapertable atcnis electriscpover plants are baing
desigaed for wee 2y the army and % mavel and avisticn bases. The firet expesie
moate] 2,000-kv sTuy pover reaetor for treasporteble eiestrie power statiens
(Tig. §) vas put ia serviee 1n April, 1957: The resstor e & 10,000-iw heat
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outpyut and 1s cooled with 85 swmoa aba pressurized vatsr at a temperature of
220°C at the inlet and of 23C°C at the cutle%, The water circulates at s rate of
750 tons/hr, The stecl bousing of the reactor 1s lined oi the icside with cone
crete 0.6 m thick, The core accommodates LO fuel elements of 42 x 47-ma crose
section. The core is coatained in & steel tenk 1,22 m 1o diameter vith an ircae
etd-vater shielding 1.2 m thicke

The thickness ¢f the oncrete biologlicul shield of the reactor is 2,835 m,
The steem geperatar consiets of a wertizel eylindrical vessel ececarodating U-
shaped Lundles «f tutes for eirculeting the water which ¢wols the reactor. About
1C toas/BF of atuas at 13.b :Urus obs and 207°C is gerersted betvcen the tubes.
Tze Bock prvssure of the turdtine 43 0,07 at=os aba,

The rated efficteny of tae dv;etﬂ.c-puu.r siant s 15A;: the installed cost
13 {36 dodlars ;or klluwstt; acd thi cost of 1 kwehr io about 5 ceats.

ste fue) uded is kighly enriched ursntua ia steloleds-steel jacketa, Cae

chatpe requires &5 kg of uranium.

Mge 0. Traaspertadle 2,000-bv atonis elestric-pover
station (Furs Delveir),
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The total weight ¢f the rcacter, steaw generator, and muxiliary cquirment

18 1,300 tcns; the reactor without the concrete shield weighs 560 tons. Sfforts
are teing mada to obtain o Z5-ton figure to wale trensportation v air poasidle,

Lighter odels of transportable army power reactors of the boiling, gase
cooied, and liquid~metal-fueled types ars presen.. t ..g developed

In Britails, mass production is being set up for smali-size pressurizede.watay
atcmic reactors which can be used for 10-20-Mv clectricepover staticns, The cost
of a 10-tw unit 1r 15C pounds sterling per kilowatt, Tne ccat of electric power
1s expectod to be lel.5 fence/kw-hr. The uranjuz charge is 0.5=3.5 tocs; the
uranfum is eariched to 4-12%,

Inforcaticn s svullebie ,agarding plana for constructiocn of traips with
poruable atamic pcwer unics,

It has besu repcited in vreas that, in tke USSR, low-cajacity wheeled mobile
atcnic electriceposer staticas lmve teen ceveloped far tranzzortatica on highways,
These units cen be u.ed in areas wvhere virgin Jand 1a deing developed, at come
struction <itvs, and zo ca,

In the Ui, plens cre zade Jor en atoaic touck train to be weed S0 Alanka,

It will conatet of 4 to S trallers, csch 8 2 long,

3o Atemic Fripe lovers for Loccmotives, Autcoobiles, apd ALreRefy:

In vericus countries, plens have deen under develciment for reactor: amd
youer unlis tu be ured in locomotives, autwiobiles, and airerefs, but a: really
fensible projects have yet been announced,

Ia the USh, & Teautor desiygn for a 6,900-hp 10gcEative vith & atesn turdise
wvas under ccasideration. The weight of the loccmotive wes set at 500 toms; the
voight of she atamic pover unis, ad 100 tons, 1.0,y &% NE of 1he wight of the

locomotive,




In another project for a locomotive with an 8,000«hp steam turbine, the

velght ¢f the reactor with shield came to 181 tons. The 30-M¢ heat-generating
homwgegeous reactor 1s situated in a ves#al 0.305 x 6,915 x 0.915 mm (sle) in
sizes The shield i3 1.22 m thicke The core consists of 19,000 stainless atesl
tules for ihe circulaticn of the water coolant, with the space between the tudes
£illed with 176 ky of a uracyl sulfate soclution cortaining § kg of ureniume235.
The lower portion of *“e vuese) hcuses the circulating pump for the urapyl aule
fate sciutlon. wuter also zervea as a neutrcd cuderator and reflecter. Cadmium
tods are used fur ¢ontrol.

Upen leaving the tube assexily, the vatsr passes through & sepsrator yielde
ing sterm ot 17.5 stuos a2 aad 205%C. Through @ reducer, the turbine ic cone
peeted Witk o elvctiic geueratora supilying 12 treetion motors on the sxles of
the lusikntive. The turtipe ccndenter s vater-gcooled, the circulating vater
Yuing couled io rediators on the trailer sectica,

The dally vrrepiure23S ccpeun;titn 48 37 grams. Twice & yiar, the reactor o
Cosrnedules for vefuciinge The jlimied .3t of the locesutive 1 2,2 millica
dellers.

Flans Lsve deed copplete? for e gnseccoled reactor for a 3,000-hp gao Wrs
bine Joccaoiives The heat cubjut ol she cesindel-uwranlum reatter 13 15,000 by
WAt the gas sutering the turbise as 700°C, the efficiensy at the turbise sheft
is 208, Allowing for the efficiency of ids electrical transmissica, the effi-
ciedey at the Vheel's rim came 10 165, The locomotive is 20.7 @ loag and 3.2 8
vide, ard welphs 174 Mo, The mt of ocperetion came cut higher then that of &
dlesel=eleatries loccnotives The soat of a losamotive ia los produstion is estle
sated o3 ) willica dollars. The shield of the reastor veighs 30.5 was. The
reastor ia question i3 of the single-cireuis air-eonled Wpe.

Is $943 Geirany, design of & 5,900-hp atemie lotrmotive hes besa ocmpleted,
The reactor is heliwmescoled. The lovoxciive 4s drives by & dcadle-sdafs gase
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turhine.unn with an efficiency of sbout 15%. The weight of the eight.axle
locomotive with an elactrical tracsmission is 175 tons; the length, 35 =; the
cost, 2 million marks, The mileage cost is lower than that of a steam locamotive,
but higher thaz that of a diescl . occmotive.

In Jayan, ccnstruction cf a 3,000-hp atamic locomotive is pleaned, 1Its
length will be 30 m; weight, 179 tons; and speed, 90 km/hr. It is lithiume
cooled and berylliuz-mofersted. It can operate on one urenium charge for 8
mopths, which corresponds tc a run of 155 thousend lam,

Attexpts to design an atoxzic englre for the gutccobile so far bave not
yielded any positive results, Thus, for a truck with l.5eton load capavity, the
weight of 8 1CC-hp atcxic engine cane to 50 %onas When in the future it beccmes
0esible to desicn lighteweight biclogical saiclding, the prodlam of en atamic
engine for heavy autiucbiles and puses will be solved,

Leaipn work on atcnic englinva for sirerafs is being done in vartous couns
tries. The z 6t likely approwches seam to :: turdbojek or turboprop engires,
although the lattes vy prove tuwo heavy, Ramjet ed;zines zay de possidly used
after Tiaitorc are created with hiygh surfece texperaturss as the fuel vlements,

The cranses of utilizing steameturbine engines still ere obscure,

.




Fige 9¢ Ulagrams of tuche lat notors with atonic resctors:
= gess=cocled,
i= lowepressure conpressor; <o intermedliary ecooler;
3= highepreszure couprussor; U4e bilologicel shield,
5= reactor; 6« turbine; 7« jet duct,
*s liquid-zetal cooled,
e Somjresaor; 2« cireculeting punp; 3= biologlaad
shield; 4=~ reactcr; 5e- heat exchanger; b« turbine;

T= jot duet,

Fige 9 shows two variants of a turbojnt ongine for sireraft, The firss
typs provides for an airecooled reactor with iaterssdiste cooling of the air

during compressict. In the sscond \ype, the reactor is cooled by & 1iquid metal
vhich transfers beat to the alr ia & haat exchanger,

With alr eatering ths turbine as 800°C and a f1ight speed two or three times
she apesd of sound, the weight of the power plaat cames %0 1=1,5 kilogrems per
kilogram of thruss, briaging the totel weight of the airersfs to betwees 80 end
120 tons. The reactor 48 %0 be lucatsd near the eeater f gravity of the aire
plane, The fuselage may be rether long, %0 keep %he ofev a8 far avay as possible

37-




..

from ihe reactor. The engine will be asituated as close as posaidle %o the
reactor, If the aircraft is of a °flying-wing® desizn, the reactor may bde
situated at coe end, and the crev at thks other.

Runways to accamuodate heavy atomic¢ airplanes must de extremely stroog.
Seaplancs are more convenient in the scnse that there is less danger of radic-
active contamiration in case of a crash, and that no runvay is required.

The weight of the biological ahield of an aircraft reactor is estizmated to
be between 10 and 45 tons. The weight of the reactcr, the shield, snd the turdo-
Jet engine constitutes aboul nalf the weight of the equipped airplane,

Efforts are being made to develop light-weipght bdiological ahielding for
Teactors. A shield of buroz carbide with sjuminum (*boral®) is 100 times aa
sffective a8 a hoavy aggrezate shield. 4 layer of “borsl® 6 ma thick gives
better protection from high-energy neutrons than a O.6-m layer of concrete,

Ancther lighteweight zeutroz-ai\ ouating material is offers.’ “y polymerised
scrylic plastics containing not less than 0.1 g of burua per en’ of surfece.
Ccazbinaticns alternating steel sheats, vood fitertcard, w«ali cellulose scotate
with boroa are also ccaridered to be porsidle lighteveight sbielding from fust
and thermel meutrons, A ligbt-weight shlelding ks alac been pioreed ia the
form of matrices of a fiexible metal (sluzinum, zirccaius) £illed vwith a refres-
tory saterisl, turna axide or boron cardide. The matrixz is pressed in, g rolling,
betvesn sheess of aluxiaum or stainless steel casing. The boron eontent of &
f1l1ed ratrix is 35-505. A Tem» thick shield cf this kind giv: ~i'fieleas yroe-
tecticn fram thermal meutrona, The reliadility of thess aate s still unsettled,

Ne) claments of carbides with lov urenium coatent are most promisiag fer
high=tenperature airereft reastars. For sladding ureniva oxide clemeats, high»
aalting metals ean b waed, 9.8., Bichbiwm, tuagetea, molytdemm silicide.

A homogenscus reastior has Yeea denigned with a eore of an alloy of earisded
ureniua with deryllium, vhich acte as a acderator. In snothar expsrimsatsl
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reactor, & ceramic fuel is diaperred throughout the graphite moderator, A therma}
aircraft reactor has also beou designed to operate on a s0lution of uraniuam ia
blemuth, It is & graphite-wodersted heterogenecus reactcr.
land-tased prototypes of aircials reactors have been tested in the USA
since 1951, In 1954, & 245«Mw experimental reactor reached criticality, It
uses a uranium tetrafluorids concentrete as fuel. The reactor is 0.9 m high.
American experts beliove that the first atumic-pcwored aircraft flights will

oceur ip 1960,

4e larine Fover Pleats

The relatively lov efficiency of scnventiona)l marine power plants necessis-
tates fuel stocka vhick take upy adout one third of a ship's tuznage, This limits
tie poeaidility of further improvenent in cruising speed and welfesutficiency of
vescels at ses, Ccmplicating plant deaiyn in order to incresrs efficlency results
ip reduced fuel ecatuzmption but, at the saxe time, lewds 2s & rule %0 an irerease
12 she welght of toe power plaat as well,

Nuclear fuel sclves the prodlem of increasing the sreed and self-sufficieoncy
of seagoing veszels as vell os the problem of redusing trensportation coets.

Jne wcrad's ficav okemig-ncversd sep vessel i _peaseful upe ie the Soviss
Joebresker *Lenin,® iatended for ons'ation ia the Aretis, Its displecemsat is
16,000 sons; crulsing spesd, sbuus 180 kaots; plaat capainity, 44,000 hpe The
leagth of the veassl is 134 m) the beam, 27.6 m; and she frecdoerd, 16.1 n,

The ieodreakar 1s equipped with three vater-ncdersied Vater=600.04 resstors,
o0e of whiek i» a apne, The biclcogleal ahield is of the composite type and
s0081a% of layers of vater, iroan, and coasrets aggregates. The wenium shargs
1s suffieient for seversl years of mvigation,

For tankers and freighters 2o well as for oceean liwre, the we of atemie

L [
melaSSh




pover plants iz very promising as far as further m;_;rovement in apeed and self-
sufficiency is concerned.

FReseurcia carried out at the Instituts of Complex Transporwation Froblems of
the Academy of Sciences of the USSR chuwed that tranaportation costs in tho cuae
of a tanker with A nuclear=fueled ga: urbine power plant and a cruising apeed
of 18-20 hnots are only one third of thoss in the case of an oil-fired tanker,
The compariscn was made between tarsers of a load capacity of 25,000 tons equipe
ped with steam-turbine povcr planis opera:iang on o4l and on puclear fuel, as
well as tankers of 32,000 tons czpacity equipped with gas-turbine power plants,

Co Jaguary €1, 1954, the first atcnicepowered submarine 'Nautilus® was
leunched ia the USA., Its dizplacement ia 2,980 tona when surfaced and 3,100
tcus when subzerged; its lensth 1s 91.5 m; alamster of the rigid hull, 8.5 m;
and zaximuz subtzersios depiud, 230 &+ The nuclear fuel charge is sufficieat for
sutrergod travel over ;0,000 miles at a eruising speed of 20 knota, According
tc official acurces, the suboerged sjoed of *Neutilus® is around 20 knota, The
f-ver capacity of tho deuble-sbaft steam-turdine plant is atout 20,000 hp, The
sutzarize 16 equipjcl with an ecergency dieasl-slectric plact of the accumulator
tyze wod with ape. fal a;jarstus for extraction of oxygen from ses wvater for the
purpose cf regerrating the oir in ibe compartiments. The crev of the Submariase
tonsists of 101 mea.

The :ou-ol the sutmariae ves betwesa 55 snd 75 =illice dollars, or adbout
shree timen as auch a8 the coat of & coaventions) subsarine. Ids wran.um ocae
sumption is adout 1.5-2 kgh® per 1,000 hpe The efficiensy of Sha power plast
18 2K,

The reactor et the *Nautilwe® 15 of the therval-ssutron type with water a8
& derator and 600laat (88 in the resstor of Pig. 2)s The Wter temperature ot
1he Sutles of The reactor zeaches 2609C, This pormits the ateam generater %
protuse ot » presswe of 10.5 atace abs and & temperature of NS, e
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zirccuiug-sheathed fuel elements of the reactor are made of a uranium-zirconium
alloy. The wranium is enriched by about LOX with reapect o the U5, The dle-
weter of the core is 2.7 m, the diaxeter of the reacicr with shield is 4.5 me
The shielding consiats of a layer of water and of luad plates with sn organie
filler. The uraniui char,¢ is about 20 tous. One charge can last 2 t0 2.5
years, The coatrol rods are ruade of bafuium. Starting the reactor and bringing
1t to full pover takes about tvwo hours,

The ac uatneat of the ata.ic power plant of ‘he *lautilus® took consideredle
tize, By April, 1957, the suh.urize had made 56,000 zmiles on the initial weaiuwm
chargs. 1o April, 1557, the core of the reacior was demcunted and replaced by o
zew core, which vus zdjusted in July and Adugust cf the saxe year. There wele
caseva Of sever:s radiatica exposure axong the crew. This particulsr submarine is
characterized by the considersble size and weight of its pover plans, low offi-
ciency, insufficiert caceuvarstility, azd & Righ noise level,

The seecec A-epjcan sutzarine, the "Seawilf,® vas leunched ca July 21, 1955.
Lo ulejahui 4BY bind buluaiged 8 ;o000 tens; 1% lengil, 99 Ei ard the diemeter
¢f 1t ricid hull, “ud & Toe subanrine vos cxaissioned 1n 1¥657. The aes
auwters abous 100 aeds The cajacity cf the steameturbine pover plaas is 25,000+
30,00C bii ‘he reted underveter arulsing apsed 15 8 Wpets,

The *Seavolf® 15 equipped with o Miquid-scdiu~ecoled internediste resstor,
Tals xade i3 poenible 1o stiain steas charseteristics of 36 awmos ade ead M00%,
vhieh sorresponds 16 an officiensy of B2,

To jreveat redicastive ccotazisstion in «ase of sa scsident, the Meat ek
changer 18 designed 8 tae *lubecin-g-tule® prinsiple. The redicective scliwm
sizsulates ia the 1saer tade, ond vater flows arownd the cuter twbe. The aasuler
9ah betvesa the tubes 1s filled with a soliwm-pstassiwe alley) the Me-k presowse
i» salatalined sbove the Ja pressure, whaish prevents redicacstive soliwm frem eatere
Ang the weter Tegiem,
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High therma)] stirezses in the complex tubs system and the corrosive acticn

of sodium on stcel led to the development of cracks at those points whers the
tubes are mounted into the tube adepters of the -teax supsrheater and (to sa
extent) of the vaporizer. It became necessary to rexcve the superheater, Iueh.
reduced the capacity of the power ;lant by 20f. Due to leakage in the heat ex-
changer of the primary circuit and to @ tube dreskage in the secondary eircuit,
& redicactive-sodiuu Jesk occurred, These accidents caused & number of fatal
cazualties.

The scdiux~cooled reacter s to be demcunted and o reccter of the *Nautilue®
type snatalleds This rolution must be cons!lered a ragh coe, 88 the scdivas
¢o0led resctor of the Sciwolf® i techrolcgically core sdvauced than the reactor
o the *Nsutilus.’

The .hird sutcerine, °Skate,® eguipp.C with a vater-mcdersted wvatsr=gooled
reacter, vas leucched in May, 1957, Test runs of this sutcarise begaz -

. Novezber, 1957

Five zore sutzarioes vith diaplecezents (£ 3,020 tcne each have deea doo
aigned vith apecis i exccsa of 30 Juots, Cae of thes, of the *Aldecore® slesp,
'an ¢ streanlined drci-ataped hull reaiciecens uf & viale's boly. A Wil of
sush & sbape inereasts the maceuversdility and speed of the vessel, Such sube
sarines can be woed for sudmarise chssisg. The picket sulnarise *fritea® dis-
pasiag 5,050 tcar vill have two Teastors, The sulmarise *Malidat® with a dis-
plasemsat of 2,000 tons 15 iatended for guided-missile lounehing, A wrototype
of o reastor for small-displacemeat ouban:ines reashed eriticality ia iveembes,
19548,

The URA 16 building the *lLong Deatdh,® & 1ight erulser of the *Hesten’® elase,
vith & diaplacement of 14,000 tcas et o leagth of 210 n, intenied S Jownchisg
of guided niseiles. I8 vill be equipped vith twe presaurised-vater reasters.
Plsas are belag 1aitiated fer comstrutiics of & sbip vwith o displacencat of
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85,000 tons, equipped with eight reactora, and having s speed <f 33 kmota. Its
pover plant will be of ihe four-shaft typ2; each sb:ft will be served by two
reactors and tvo turbines.

Fram 1960 ob, all new military ships will bs designed with atomic engines
only.

¥ork has begun on designing liners apd freighters with atcmic pover plants.
Crganieemodersted rcactors, gas=cocled reactors with gss-turbine power plants
explaoying helium, graphite-noderated resctors with & gas-turdine power plant,
and & bolling reactor are being devcloped. Inthe USA, ccastructica of the
first atouicepovered freight-passenger thip has bean approved; it s designed to
carry 100 passengers and 12,000 tozs of freiaht. The reacior is of the presswrs
izcdevater type; the capecity of the pover plant, 20,000 hp; the speed, 21 knotsg
the length of the ship, 166 m,

A tapher with a Joad capacity of adout 30,000 toza, & pewer plant capacity
of 16,000 kp, and u speed of 18.6 imots cocsuzes, on & &,.500-mile eruise, 3,000
tons of oile A tanker is being jlsuned bhaving a losd capacity of 38,000 tocan
and o lengti of 212 m, equizLed with & gaseccoled reactor. The fusl will de
slightly enriehed urepiu. The gue taz;ersture st the turbine ialet vwill be
706°C. It 1s exphanized that the gas-turdise plant will perform vith high
efriclency uader sll Joads, The cost of & run of the ataciespovered tanker will
ot exteed that of ea ollefired cae, In aBOSMAr projest, & tanker 4isplacing
50,000 toas will b 205 m loag with & 30-8 Deam ond have & 10ed capacity of
36,000 soase A 20,00C 2p steam=turbine plaat will cperate o8 sstureted stesm
wider & preasure of Sh awmos ade and maistala & erwisiag speed of 19 knets.
Assordiag %0 & prelinisary estimate, the cest of such aa atamiz-povered teaber
vill ba SO above the o0et of & ecmventicas] tanker. The ecot of the atemie
pover Plaat proper 15 2.5 % 3 times higher than that of sa oll-firved plaast.
The ssmiccjovered ship, hovever, ead earry 108 more payloed than & ¢caveatiomsld
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tauker of the same displacement.

Data lave deen made public on a 22,000-hp atomic steam-turbine plant for use
oa tankers,

The plant is povered by & wrier-uc.rated water-cculed > ~etor with a 85«Mv
heat outpute Its encre consists of 32 heet-generating elexents sdout 2.3 m high,
arranged in a lattice 1,67 w 1o diameter., lkach heat-generating element contains
<00 stainless steel-sheathed uranium dioxide sods 12.7 mm in dismeter. The core
{s surrounded by an anauler wvaier reflsctior im which the steel pletes of the
thermal shielding are situated, The reflector is 0.38 m thick. The curbon-stesl
reactor vessel 1s 2.5 @ in diazeter and is lined with atainless steel, The
veroel 43 vaclosed fa a swixdess-stess hull 76 mm thiek,

Vater cnters the reacter under a jressurn of 122 atzos ads at a temparature
3f 2439 exd $8 bratec ip the cove sc 258°C. Four circuleting puzps deliwer 13
t0 two sleax gescrators. 7The slestric mot-rs of the pusps heve an auxiliary
windlz, fed froz & reserve curreat source. The ateam generstors ure natursl
circulatioa.

The total amaluuik out;ut of the Ligh- wpd lovepressure turbines 1» 22,000
hz. The two turdinmea are commectex with the [rojeller shaft throwh a twoe
stage gead tranamission.

The ateam pressure at the lurbine ialet is 29 atwmos adbe; the condenser
veouum 1 71 ma Ng.

Tvo 750=kv diese) gonarators are included ia the equirsent. In case of
fallure of the reactor, She 3hip esh he kept undervay usiag & 750-hp slestris
nOVP.

The planned serviee 1ife of cas ureaium eharce is sbout 3 years,

The mazisum speed of fast ecead 1izers inereased from 26 knote ia 1984 %
35 ote ia 1952, The csean lizer *United 3%ates® vita a displacement of {5,000
%080 and & 175,000-hp power plaat has o erulaing apesd ct 355 kaote, 1Its ol)
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consumpbion umounts to 50 tons/hr. Consideration is being gisen tu comatructiom
of & liner displacing 53,000 tons, 300-m loug, capatle of cerrying 2,000 paseen-
gers, Its atamic power plart +7111 make posaidle a speed in excess of 36 Imots,

In Apiteir, crders huve been pluced for the construction of the first atmmic~

powered submrrine and teaner., The submarine will bu ¢quipped wish & pressurizeds
water reactor. The launching is exjeeted in 19:0, [Levelopueat work is being
dcae on an organic-modcrated reactor for acciher subzarine. The pover plant will
te of the steamegas type ur have a specisl gas twrblioe, Work is also going oa
with & gas-cooled reactor of the Calder Hall type, having an electrie output of
16,030-24,000 hpe




Yige 10. Diagrar of ap gtomic-fueled merine gas-terbdine
pover plant.
i- reactor} 2 prizary-cir:uit heat excbanger;
je primry-circuit circulating punp: A= iaters
tralateeg’reidt heat exchan er; Se intermediate-
strvult eirculating yuzy; 6« aigh-pressure turbime;
7= lowepresiuce turbine; G- regener=sor; J= gas
cooler; 10« lowepressure sonpreator) 1le iaters
aediate cooler; 12« highepressure scBpTEOPr.
Ao 25.8 atmos abs ot 56°C; Be 42.5 stmos ade at
%% Co 415 cwmos abs ot 642°C; L+ 15,000 Npj
B- 15.0 atmos abs as 309%C; - 15.7 atace abe at
A0 0~ 15,7 stmos obs at 1%,

A 15,000-hp marine stonis gas=turdiss pover plaat wvas deeigadd ia Brinain,
Its layeut is showe ia Pig. 10, The resster is ocoled with liquit sedim. In H

i




anctier design, for & 17,50C-hp marine .ss-turbice power plant, the reactar

planned is to bde cocled with helium at an outlst temperature of 8720°C. In the

secondary circult, the maximun helium tempsrature will bs 760°2. The reted

officieacy of che plant is 42%. Sodiim {s a fire hazard ard has an indused ®
radicactivity requiring moso dlolugical shielding tzan in the case of gas of

vater, For ges-turdite power plants, gas-coolei reactors are more grouising.

In fast and intermediate resctors, however, the paysicsl sdvantagea of sodium

may compensate for its sioricomings.

For & %eaker displacing 80,000 tona, with a apeed of 25 to 30 inou. both
orgenic and liquide-zetal cooled reactors have dean considered. It vas found that
the organic-cccled orgaclc.ncderatsd reacter was 20255 cheaper than the liguid.
ze%al type, but the efficlency of the liguil-zetsl cocled reastor vas highers

The Zsher<Tiss® Cospany designed m 20,00C-hp gaseturdine atcmic pover plaat
for & tanker; 1ts heat flcv dingrem is abown o Pig. 1l The compressor group
is criven dy & high-pressure turbine of tie axim).flow typs. Two lowspressure
radialeflos turbines {cue of them ahovz ia the diagrem) are cocasciul vith the
projeller abafs thirough & reducers, Through the reluser, thie gropelles shaft caa
2180 b driven %y o reaerve steam turbice operated by superdeated steen. Jor e
starticy engite, ancther steaz turbice 1s used, Tde fan of the after®sst-removal
ayetct Of 100 Peattor 15 also steam driven,

o Tremslater's hovs: Tremsliteration « origisal spelling ses amailadle.

-
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(See folloving page for legead of plsture)
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Fige 1l Disgram of a 20,000=hp stomic gas=turdine power
plant for use on a tenker.
1- reactor; <Ze primary shield; 3- pighepressure
axial-ylov gas turdipe; 4~ lov-pressure radial-
flov gas turbine; 5e reducer; 6e propsller;
7« ragensrator; - fioal gas cooleri G- lows
preasure canpreasery 1Cs intermediats gas cooler;
1le Nighepressure sompressor; 12- starting turbine
refucar; 13- atarting steam turdine; lhe gae
codler of the aftesheat removal systen; 15~ faa
of the afterbeat remcval systen; lée atean drive
for the fanj 17- bypsss reduction unis; 18e
suxriliary gas turdine; 19= coupressors; low-
pressure sccuzulator; <le high=pressure accummlator)
¥2« gae cooler; &3 wrbine-type expander; 24- beat
eachaz;ert e xvacy filtsr and saparutur; 26s mitroe

deu-adding eylinders) 27- cutdoard wveter pap; 28-

steam boller; 29« steam supecheater; 30« reserve
31048 turtine; Jie freight-tank Metiag dyetam;
32e auxiliary condensing uait; 3= reserve turbise

ccalensor; Jie condeusets pump; 35- hot waber for
ARk flushing.

Reversing can be scsomplisded with 2ia 212 of & variable piteh pecjellar or
W wsing reversitle radialefiow Budines,

The ovclant used ia this power plaat is altroysd. Its optimum paressters
vere saleulated 90 followe: 1the pressure 1aeresds e tio ia the gas-turhine

ayele s Detvesn | aad 5) the gas Jrvasere (p) 2ise devueen 20 ard &) hgfenty
- :




and the utarting gas temperature is 675-750°C. A plant with a higher pressurs

insrease ratio would be mors expensive and leas reliable. The gasecus fissica

producta (xenon) are trapped by diverting a portion of the 2itrogen flow from

the gas-turtise o¥cle iutou a turbine-type eapander and & separator-type filter,
Cress-secticn and plen views of thie gas-turbine plant are shown in Pig. 12.

In Frence, two atomic~powered submarines are plenned. The firat of these

¥11] be laurersd in 19601961, Its speed and maneuveradbility are belov thoss
of the *Nnutilus.® This submarine will be uzed for training purposes,

Tor 1641, cunstructica of the liner *France® {s plamned, it vill have s dis-
placezant of 55,000 tons and & speed of about 30 knote. Its boiler plant will
later be replaced Ly a reactod power plani,

In édeat Germany, plans sra being developed for es atwnic-povered tanker
with & losd chpacity of 22,000 tons and a length of 182 m, Ita 10,000-hp ateam~
turbiac plant le desigred for a cruising apesd of about 16 kmots.




Fle. 12,

Cross sectica and plaz view of & 20,000-hp yhse
turbios power plant for use oa & tanker,

1= reactor; 2e high-preasure turbine; 3= lowe
pressure condenser; ke highepres.i..e compresscr
with butlteia cooler; Se propulsica low-pressure
68 turdine; 6o regesnerator; 7- cooler;

8- starting turbine;: 9- reducer; 10- prepeller
shafs; 1l- resovable plztes for the extuetion

of Tesctor sore,




A layout of the plapt is shown in Fig. 13.

The reactor is of the thermal-neutron pressurized-water type. The fuel
elements use enriched uranium; the urenium charge weighs 2,i% kg. The heat
output of the reactor is 30.5 Mvw, and it wveighs 40 tous,

The core has & thermal shield 50-um thick made of sheet atainless ateel.
The rigid hull of the reactor is 1,7 @ in diameter and 5.6 m high; it is made
of heat-resiciant steel and lined with stainless steel, The water pressure ia
the circulation circuit is 160 atmos; the water temperaturs at the reactor inles
is 270° snd at the outlet, 290°C. The water flov is 1,020 tons per hour,

The entire resctor is shielded by a steel contairer 9.6 m in diameter and
12.6 @ long, with walls 60 mz thicke To protect the reaator fram jolts end
shotks, & shock absorber ia installed betveen the ship's hull and the contaimer,
consisting of stcel sheets apaced ar 500 ur with the interaticec filled with cak
Yoards. The dblologicel shield is 1.1 = thicks IS ceatalns lexd plates and an
organic filler.

The atcxie pover plant for the tanker is cxpected to weigh 2,000 tons. u
oilefived boller=typs pover plant for a tanker of this kind veigha 1,100 toms.
The oil supply for a five-vock run veighs 2,200 tons, Thus, the over-all weight
of the plant with fuel supply smounts W 3,300 bonse [ue t0 the lower veight
of the atomic poer plant, tbe pay)ead of the tanker s ineresred.
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Fige 13+ Heat fliv of a 10,000-p gas-turbine power plaut
for use cn & vanker.
le reacter; 2= 2teem generstor; 3Je primaryecireuit
sirscloting junp; L= wtarddy cireulating pumpi
Se tilter for trapping fissicn products; 6« cone
tatnexr; 7o steak seperator; 8« bighe}ressure
turtine; 9= lows,ressure turbine; 10« condeaser;
11e gcndensate junp; 1ie dessrator; 13- feed
PP lie regeneratur-typs lwaters; 15« electris
xotor; 16 diessl geverator; 17« Surdine gaaerater;
18- reduction and cooling wais,

e two=eylinder turbine is desigaed %0 operate ca satureted stesn wader
& pressure of sbout 4O atmos abs. The separetica of presipitatiag moisture i
provided for betueen the eylinders. The officicasy of the plant is st ot 2K,
If oi] 1s used to superheat the stean 0 AB0SC, the sfficlensy ceh Do insreasd
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to 24%. An ofil-fired boiler-type power plext has an efficiency of 26%.
In Sweden, construction of two atomicwpowered ships with dispiacements of

45,000 tona is planned.
The laval Compeny has designed a two-circuit marine atomic stesm-turbine

plant with a beiling reactor utilizing ordinary water.
The umin feature of the beiling-water reactor -« its simplicity and the

low veight of the lines bctween the reactor and the turbine <= ia not put %o
advantage in this plant. The [reassure in the vesssl of a doiling-water reastor
is lover than in a pressurized-water reactor. The wall thickneas of the veasel
and 1ts weight are lover tham in a wvater-coolsd wtisr-uncderated reactor, The

advantage of the bdoiling-wuter reactor 1a 1ts capacity for self-regulation and

1ts high opareticg atability uuder changesble ccnditicos.

he ateam-turdive jlant beas no peculiar featurss. An auxiliary oll-fired
tollep 1o provided to supply the turdbine generators end for hesting. Ia case of
reactor fallure, the boiler can supply steam %0 & drive turdine, keeping the
sbip undervay,

In horway, ccastruction is planned for an atwmicepovered tepker with & dice

placeneat of 32,000 tons snu o spasl of 10 knots. The heat cutput of the reaster

1s 64 My Ate welght 18 1,000 tons, The mclerator s DZ0; the coolsat 1s 0y

e wreanius charge weighs 15 toss,
In Japen. desiga work is belag dose oa & sulmerine tankar with & displasee

Bt of 30,000 tony, a leagth of &5 n, aad & 2)-m boans Tho speed when swdmerged

is 2 knota; the capacity of the power plant is 20,000-30,000 hp. A seeomd
taaker 1n Selng deoigned, for vhieh date are 3% awilable.

The atomie pover plasts made posaidle the ereatiocn of & stvw Wype of ssagoling

padosagar ¢ freight vessel, capeble of eruisiang toth on and wader the Gotea
surfess,

By pcoviding e dall of & suimarine vessel viik & very mmeoth euter surfose

e
wel-55h
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to 2iX. An oil-fired boiler-type pover plant has ac efficiency of 2%,

In Sweden, construction of two atomic~povered ships with di=pluzements of
45,000 tons is planned,

The laval Company has designed a two-cizcuit marine atomic stesn-turbine
plant with a belling reactor utilizing ordivary water,

The zain feature of the doiling.water reactor -- its simplicity and the
lov welght of the lines bctwesn the reactor snd the turbine <« is not put %o
advapiage in thie plant, The presawie in the veasel of a belling-vater rosctor
is lover than in a juesaurized-water reactor. The wall thicknesas of the vessel
and ita veight are lover than i3 & wvaters=cooled wtisr-mcderated reastor. The
sdvantage of the boiling-wuter reactor 12 i1ta capacity for selfe-regulation and
1t2 high operating atadility urder changeable conditican,

The ateaz-turbine jlapt has no peculiar features, Aa auxiliary ollefired
bollir is provided to supply the turbise genarators and for hesting. Ia cese of
reactor failure, the brilcr can supply steam to & drive turdine, keepisg the
suip undervay.

1o JuyaYs SLEItrustice ls plecael for aa stcmicepoversd tamker vith A dis-
placeneat of 32,000 tons ead a speed of 18 knots, The heat cutput of the reactor
18 64 Nvp 1ts veight 18 1,000 twaos. The moderntor 18 Dg0) the cooleat is M0
the wrenium charge welighs 15 toase

Ia Jazane design vork 4o being dons ca & submerine terker with a displase-
meat of 30,000 tons, & leagth of &5 B, oad & 31-a bean, The spesd wAER Suimerged
19 3 mots; e sapacity of the power plant 18 20,000-30,000 kp. A seosnd
taaker 15 being desigaed, for which data are »et awailable,

e asonie powver plants 2ade Possible the sreatica of & wv e of scageing
PUSOSRET oF fTOighs vedsel, eapaile of eruisiag both eu and wader the soesn
ourfase,

iy rovidiag the Mll of & svdmarine vessel vith & very mneotd suler surfaee
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1t is possidble to reduce tho hull reaistance by 705.

It ia thought possidvle to
secure lemipur flow of waser abcut the vessel‘'s hull through a special systea of

hydrodynemic control of the boundary leyer.

This brief survey of the developments iu the fleld of statitnary and pro-
pulsion atamic power plants iniicates tuat liquid-metal ¢ooled reactors permii a
plent efficicncy of <5-353, and in the cese of a doudle mercury=water cycle, as
Lizh as 40-45%. Waser- end organic-cooled reactors permit plant officiency of
20<308. The liquid-metal coolants can be matched cnly by the gassous coolenis,

whicu poruit en efficisney of up to LOi, although at & higher tswpersture thaa

in the case of the 1liqQuid =zetals,
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CHAPTER II1

QUID METALS: HYDHAULIGLS AND HEAT TRANSFRR

(GIDRAVLIEA I TEPLOOEMEN V ZHIDKIKH }ETALLAKH)

Froea the hydreulic vievpoint liquid metela de not differ fiua viuipary liguids.
In prarticuler, hydraulic resistance to the flov of metals iv tubes, =3 Ye3ts have
shovo, ¢:n be calculuted using the ferzules for vater, air, ete, V¥ith respect to
heat transaissicn, liquid metals differ substantially froa othsr fluids. Therefore
axpirical formulas used to caloulate heat trazafer for vater, air, oil, and other
o.d1a ave pot approyriats to the case In hand,

2le IDdraulice of & Lio.id-zgisl Elow

In this secticn certain datn which pernit us to duteruine tie hydroulis
charecteristics of o liquid-autal flov are gived In a vuy convenient for celeulss
sionse
The dlagres shovn $0 Fige 55 serves to deteraine the Reyaclds nwmber for &
flov of sodium {a & eireular tube, The velve of the correetion festor (a) nessss
sary $0 deteraine the Ro for a flov of scdfum-potassium alloys i3 ¢ tude sce 8dae
Sivea there,
In 11ke musmer, preasure 100008 13 & streight tube are fousd Wy using the ’
diagren 1a Mg Sbe




Fige 55« Re for flows of Na and Na—K allays in cireular Sudes.
(s) correctica factor (b) veloeity a/ese

(c) intersal diamter of twbe p g
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Pige 560 Presaure 10sses 1n a straigas tude for tlows
of Ma ecd Ma=X alloys,
(a) correciicn factor (V) veloeity, w/ses
(o) pressure drop per 1 m lengta, hdua




From Figse 57 anl 58, the power reyuired to pump sodium and sodium-potassium
alloys through e section of straight horizontal tube of given length can be found;
the graphs are constructed on the basis of the two preceding diagrame. If tde
tube slopes upwerd or downward, an apjropriate modification in the pump pover must
te caspuved to compeusate for the rise or fall in homls Hoald lcsses due to loesd
resistance are determined in the usual manner and are also taken into asccount

during the flnal ‘etercication of the pover neededs
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‘ Pige 57« Fower required .0 pmp Meo

(a) pover per 10 ruaaiag meters, dede
(b) velosily a/ses (o) diameter of tude, W
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The similerity im hydraulie cnargeteristics of flowa of 1iquid matals and
wvater poimits us to investigate She motion of zatallie liquids by using mcdels,
ron the data of Tadle 16, the teuperatuse ol the simulation water caa be chosea

80 a3 to set the kiusmatle viscosity of she wvater equal to that of the aliaii

wetalee
N
‘/{ : ..
L ) ’. ~
Fige 58. Tover neeessary to punp & Ha=( (WS X) ollape
{a) pover per 10 runaing meters, h.)e
(d) veloaisy a/ess (o) diameter of tube m
(0 oA w
KL%




TABI2 16

W

Equivalent Temperaturea of Water
(8) )

Temporature of 1ig1id

Squivalent ;snpv_rnt‘_u.re of vater

metal &, °C
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Yor Na~K For Na==Kk

(562 x) (7% X)
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Velocities of liquid metals 2a circuits are usually low, sines sheir heate
irunsfer properties are adequate even at low volociiisce The use of higher velo-
cities (more than 5 to 10 m/aes) 1a also unsdvissdle because this will lessea the
durability of struatural materials.

The working preszure in liquidemetal circuits, is as a rule oomperatively low
This is explainad bty the fact that liquidwmstal heatetransfer madia have s high
toiling poiat asd can be used uver a wide rarga of tempesratures without substane
tially iver-asing the ,resaure in the pyetex, Tasrefore the maximum operating
pressure in the uystem is determined by its hydraulie resistance apnd the eairsnoe
jressur: required at the clre:lation guzps. The gruster part of the resistance
cecura in those srctions where heat 19 supplied (reactor, beat excbanger,ets.).
Becouro of the high rate of hoat transxission, thess sections are relstively siors,
wbich tinds to reducs their hydraulic reaistance,

Cocfes of optimum valucs for operating preswure and metal.flow velocity slee
depands oo the conditiczs proluciag cavitation in thoss parts of the system viere
tae [Tersure Ziy e(iol the vapor pressure cf the liquid as & given temperature,
123 w3 L8 punp iotaces. It 13 adviszdle L0 feed fnert gas utder s fcessure of

ricexizately L atmod o thoze places whlen are considerod dapgerous from the visve
poiat of savitasion.

In conclusion,let us futroduce a aumder of nrmographs (Figse 59 through &4)
vhich are useful 1a the rou ) evaluaticn of cersain quantisies sharagterising o
flov of ligeid setale 1a tules (tads and volume flow retes of the 1iguid presswe

4xop along & ROriscatal tude, aad Neyoolds mumber).

To fisd any waknova quastity, Joia two knowo poists ca tas pareliel seales of
the givea ammogreph by » streight 11ne; $his will yisld & s3luiion vhele She
saloulation forwula for ths GAKEOWE FEIURSSSS GORLALAS DOt mare thal twe wurisilas,
or gives a poist o e suxillary sesle uhers the salsalitior foruula suntalas
three of more varisbles, The point found should then Mo .cndested with & thind

L5
£2,




known point; thom ihe poirt of iatersection of a straigat line with the acale
where the unknown valus is plotted will yieid a final zolution t¢ the problem.

Example. A sodium-potassium wiloy (562 K) flows through a tude of 15 em
dlameter at 260° C with a valocity of 4e5 m/see.

1. The pressure drop along & 6 m length of tube: by ths nomograph of Mige 62,
o p 0,56 kg/alzl by cafculauoa.; P ™ 0546 n/uz.

2. Re pumberi by the nomograph of Fig. 64, Re == 200,000; by calculaiiony
Re == 202,000,

3. Mass flov rate: by the nomograph of Fige 61, G =2,580 kg/hr; by ealous
latien, G == 2,692 kg/hre
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Mass flow rate of liquid metals (Na, X, Na—K alloys,

11, Sn, Hg, 31, Fb, end Fb—Bi slloy) flowving in a

circular tube,

(a) D, ma (b) O, ke/hr () ¥ ka/mC br (d) V, w/see
(o} » ke/a’
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 Figs 6l.. -Mace flcw rete of Na end Ka—K (£64 K) alloy flowing
in a circuler tude.
(a) temperature, % (v) outpat, kg/hr (¢) output, l3 ar
(d) auriliory lire (e) velocity m/sec (f) internal

diameter, mm
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Fige €2, Pressure lcases fur Ns erd a Na—K (S56% K) aslloy
flowing ip a circular tubsz,
(a) tozperature, °c, Na (b) temperature °C, Me K
(¢) pressure drop, kg/m® (4) preasure drop kg/ca®
(o) auxiliary line (f) velocity, m»/sec
(g) length of pipe, = (h) internal 2icmeter, mm
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22, Heat Transfer during Free Convecticyp
It is known that in a gravitational fieid 1iquid volumes move relative to ome

another if their temperatures, and corsequently their densities, are different.
Aa a ivsult of such movement, called patursl or fre¢ convsction, a transfer of
heat ‘rom "hotter® areas of the liquid to "cooler® areaz occurs.

In an atcmic power installaticp, using a liquid motal as coolant, fres
convastion 18 uged to cool certain parts of the installation in the event of a
forced shut-down-of-the pumpee R

Frees convecticn §s characterized mathcmatically by an additional term in %the

equaticn for the amount of liquid motions This term is szpressed as followss

Beade a1 (5)
Voere | 1s the density of 1iquid kgfe seczlik;

<. 18 the comporent of gravitatiopal acceleration in the t'. direction

/8002

r is the coefficient of voluzetric expansion of the liquid, 1/degree;

‘" is the temperature %K.

The index *0° designates certain initial values of parameters which can be
selected according to the conditions of the Leat-transfer process.

Analysioc of the motion and energy equations indicates that free convectioa

48 oharacterized by tho folloving dimensionless groups:

. e X
. i SRASHOR ACMOS
G, T ‘,T" tmean Tpacrada), o

Pr o= (wean FIpauaran), FrevdTL ALvPER

WOL-55K



Where ! is a lipe, taken as a defining dimension;
v is the kineratic viscosity;
4 43 the thermal conductivity of the liquid,

The dimensicnless .walbtot

Prepi
A ar e
ta

st aiso be introduced 1f heuting due to interns] frictioa in the liquid beccomes
s b ttantiel apd the term k—»-';-‘ beccmas canparable with or greater than onse

For 1iquid uotals the Frondil suzder is saall,and the effect of viscosity
C3 Beat trazuter may be peclected. Tor example, for free sonvection 13 a large
volume of liquid watal, the ceat flov 18 proportioczsl to the product 6:0&2. vhieh
dces not depend cm . Hevever for zatural ccnvection 42 a szall volume dounded
by valls, the effect of viscosity is acticeable and the rete of heat transfey
=uat te exgzestod by the Cr sud Pr nuzders sejarsiely,

7asults of exverimontal iovestigaticas confirm these ccnelus - ade

Yarbjcad . 'ntys rud crlipnders, Scizldt and Pecizaz obtaized an scoeurete
soluticn f£or frec c:iavectiod of eir near s verticsl plate (the cace of lemiser

flov 10 & bouzdary layer), given that the tempersture cf the surface of Whe plate

§6 constant, This solutict ves sxpanded §nto various Prandt] sumders by Catrexh.
The result of Lia caleulation 18 shows Sa PFig. 65 the physics]l constants entere
ing 18%0 the Oreshe?, [aselty, and Prandt]l wumbers are related 0 the tempereture
beyord the surfecs of the plate. The distriduticas of teaperantures and veloeities
salenlated for o Preadil sumder oqual $6 0,01 are shova ia Figs 66, 3 adelogows
solution was odtarwed 4y Sperry and Oregg fer o wnifore distridurion of Meete
flov iatensiny over the Wight of e plate. In this case the heat=treasfer
eosffistent ~ 18 approximately 108 Migher than %20 Value of ~fomad for the
condition T, = 00ast, Where the Orashol mmbder fo witernisesd 3y the constant

noL-550
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temporature Tyi

Px,l"(_T. - T

(
12 .

The theoretical solutions shown in Figs. 65 and 66 were obtained for the
condition that the local Grashof number does excoed 198. sirce vhen Gr = 108

the flow nuar tbe wall becomes turbulents

‘ - . v .
. .

Flgs 65. Heat transfer for free laminsr flow of a liquid

along & vertiszal plate {Ostrakh solution).

. - . - tm -
! SN B (L R BT

'

Fige 66, Profiles of temperatures and velooities near the surface of
a vertical plate for free laminar flov of a liquid metal,

MCL=55)



Eckert and Jackscn obtained the following equation for caleulating heat
trazsfer for turbulent flow of m 1liquid along a vertical plate, the temperzture

cf which 18 constants

S ]
TR g pea Ty

(46)

According to Formuia (46) the heat fiux on the surface is pcroportiorsl to

-0. :
Pr 67. In spite of the fact thLat this rroportionality may not hold for low
Prandtl numbers, Expression (46) ~en be ussd in practicsl computations. For a

constant *eut flow at the surfacs Bquation (46) takes the forms

. e Ay 1 (37)
“y LAY PN e "‘.TA .n-ﬂ";l..raﬁ‘
Tho theoretical results odbtained sbove can be used to caleulate heat transe

for for » vertical cyliinder,

Herizontal plates and eylinders. Levy studied lamipar and turbulon§ free

flow pear a horizontal surface. The curve of the heat-transfer cosfficient for
snall Prandtl numbers, calculated by levy es an avserage over the cirecumfersnce
of the c¢ylinder, is shown on Fig. 67 A theoretical ourve clLtained by Hymen,
Penilla, and Erlich, and sxperimental points for a nuxber of liquid metals

(iige b, Bi, eutectic of Po~Bi, Na and Na—K alloy) sre also shown on Mg, §7.
If the flow near a surface is laminar, experimental data on heat tranafer to
liqﬁid metels for cylinders of a diameter 4 ranging from 5 to 40 zm can de

represented by the functions

Nug  0.53(Gr Py, (A8)

MCL=554
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Fige 67,
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traagsfer for lamipar free flov of a liquid metal
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For borizontsl piates, discusszed above, thé following expressicus for laminar

(49) and turbulent (50) fiow were cbtained by Mausteller and MaeGoff:

NN ST et L e (493

11Tl - Oyt

O wgapy e

(50)

There is no sxperimentsl data in the literature which ¢an be compared with
Poruulag {!6) and (50)

Yertical tubes or porallel plates, If frse convection occwrs inside a

vorilesl tube or in the space between two vertical planes, thecretical anslysis
of beat transfer becwss difficults It 1 evidont ihat cose a (rig. 68) (two
infinite vartical piates heated io a cortaln temporaturs) is the simplest fram

en apalytic viewpoint. Ostrakh found aa acourate solution for e larinar flov of
14~ 11 between plates with and without heat scurce totween ti+™, vhea the Sexpera~
Va. . 4ivag the height of plate are econstant, Lut zot neccssarily wegual te one

anothere




ol

Pige. 62. Heat transfer disgrem for parallel plates.

Heating or cooling surface,

Heat~insulated surface.

iy

%e results of the calculation where the temperature of the surface is

uniform is sbown on Mig. 69. The varfous 1ines on the figure refer to various

values of the parameter

.-

PR T
<

wiora Q le the heat flov through unit vclume batween the plates, kenl/n3 hr;

1-3

is the distance between the plates, m;

is thes thermal copductivity of the liquid, kcal/m* hr °C;

-

is the temperature of the plates, °c;

Lo I |

is the tcmperature of the liquid, °c.

MCL=554
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Fige 69. Hoa%t trunsfer for free laminar flov of a liguid
between two verticel parallel plates having

uniform teaporature.

Cstrakh sand Littize fcund en apalogous solution for the case where one
plats is evenly heated and the other is svonly cooled from without. The results
6f $tno calculation are shown in Fige 70, where the crdinete axis gives the ratio
of the actual temporature drop betwsen the plates to the q;op which would exist
under heat tra'nsfc«r‘biwp.;ro heﬁt conduction, |

Laytkhill and lLsvy aolved the problem of convection heat tranafer for the
esnditions (revailing wvhen the space inside a tube or tetwsen plates is bounded
on ons sids by a wall aad the teapsrature of all walls is conatant (case b,

Tige 68)e
Tho results of the given studies can be used for approxinate calculations

of heat transfor in liquid Dwielue

MCL-554
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Fige 70+ TFres laminar flow between tvo vortical parallel

Platses differing in temperatures,

>Tho héa;.;t;'unsfor procoss is oven more somplicated for free convestion ia
a space ocaclosed on all sides (Fig. 68c). Ostrakh cbtained a solution to this
prodblem for the case vhere heat sourcss are present and tha tenparature of the
bounding surfaces is uniform at all poimts. The curve found by him is showvn oa
Fige 71, '

A% very small values of distance d, heat-transfer calculations oan be based

on the results of Timo's work on heat transfer in sarrov amnuler slots, which

will Le discussed below,

MCL=554 77
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Fige 71¢ BRaat transfor 262 llew cunwc'siox_z of a liquid im

& space 9nclosed on all aides,

Rarrow asnuiar slots, borizontsl and verticals Exporizmental resvarch on

froe convection in liquid sodium, occurring inside a vertical annular slit, vas
corducted by a nunbsr of ressarchers (Timo, Mausteller and MacGoff, Paulidg).
The lateral faces of the slit were heateinsulated, the metal was heatsd from
below and ccoled from adove, and the hollow, in vwhish the process of natural
convection was developod, was enclosed on all sides,

The author's experimental data are shown in Table 17.

17
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TABLE 17

(a)
Natural Conveoction in Narrov Vertiocal Annular Slots

(B)

coffme 6t v hethe o 1 AMJATYINK

Authar
(©) (D) () (rn (¢)
Craraoteristic Symbol Tiwo Maustaller, Iaulidg
MacGoff
(H) Diamnter, ma
(I) Holght. L}
{(J) vidth of slot, =m
o
\K) Ratio Y
(L) Minicum teaperature above the slot, ¢ .
(1) Maxi—mm texmporature below the slot, ¢
(N) Tezparature drop, © C
{C) 7Toial L2at flow due to free ceavecticn, kXcal/hr
’I
" » ) bty s b - WP sl
L (@) ¢
¢ : W0 )
: B -
n gl
" BT PR
[ . )
Hiwy - i e : 25 - - !
1 o t N )
'R LR TR . P2 1A . . |
Migsopees - ! At e 4 L L i
"\i‘:’\:tr‘.:‘ .' o ACpaTApe ; i 37 o i
1":‘:':' .‘( r‘n“g\‘ .‘-. ©epaed, U ! - ' 4y : 380 ’ 437 :
l.'r'.: _‘inl.) ..':- - vl .‘d coet & 1w ! a0 ' W H
i
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Ths results of these experimants cub be represented by the folloving
eapirical forwmlas
h ‘,“ SRR U7 U R (51)
 J
vhore  is the effective heal-transfer cosfficlsnt calculated for the total
teaperature difference, kc.sl/lz hr °c;

C 18 the diamster of the angular slot, wm}

-+ 43 the Grashof numbor calculated for the width of ths slot {d),.

When five harizoantal taffles were installed at 25-wa intervals along tha
beight of a 250-cm diamseter unnular slit, ths total hoat flow was found t0 bte
25 tices less than that for a slit wvithout darffles, ‘

Hapoazan conducted Zoasurcments of bsat transfor durlag nctural coovactlon in
parrow vortical chansoels, using mcrcury, water, and oil as the working liquids,

In converting for sodium,his data can be represented by the formuilas
\ o T . (52)
where L 1s ths length of ths heated section of ths channel, m;

|" 1s the internal diazater of the channel, m.

These saze data are showvi im Fig, 72¢

%4



Fige 72+ Heat transfer in narrow varticsl channels for naturel

eonvegtion of sodium.

free conwvnetios {p liquidecntsl eirguits, In cooling of utomie power plamts,

v natural coavactisn can dbe ased togetaar with forced convecticong which type goverms

in a given process depenls on the mode of operatica. The average liguid flow
velocity ia circults vhers »aturel add foroed circulation exist ie determimed
by solving alzultasscusly the hydrasulieepressuresbalence aquation and the heate
balanse ejuation for the eirculation 100pe The vay 1s vhica the heatetramsfor
ecerricient depends on velocity vill be determined by vhich type of motion
(oatural or foreed) predaminates.

Heat transfer for mized motiom of a liquid ualer the coaditions of lamliwr
flow in a short versicel sude at comsiant wall teaperature was iunvestimted
Sheoretically by Martimelli and Boulter. 4As & Tesult they odtained the felloving
sxpression for the Mussels aumbers

NuD 1 "’ -:vh:m—'{ ,qum-(a,:.; l') . (s3)




waere L is the length of the tube, w;
L is the diameter of the tube, m.

The ®plus® sign in the radicand is selected when tde natwisl end foreed
conveetions flew in the ssmy direction; the "aimus® sign when the directicms of
flow are oppcsed, BEyustion (53) ie accurate if the velocity profile of the
liquid ie linear and if the iuteusity of heat transfer is deternined maialy by
the ccalditions of the [rocess ceccurring nyar the tube walls, For liquid metals
thess s3suanptions ars often {macsurate.

MacSoff and Mausteller stulied heat transfer ia ths spuce betvzen tubes of
vertical singls=and zultitude hesrt ezchar,ers not baviag intericr baffles. 4
alley of sodiua aad potasajum (562 X) vas used as the heatetransler madium,
Both foreod and natural eirculatica of a 1liquid matal in the apace betwesn tudes

vers iuvestigated. The corrsaponding exporizsntal date ere showa im Table i8.

TABLE 18
Cooling of Tortieal Tube Bazks in Huat Exelangers dy a Sodiua-potassium allep
(A) Nuader of tudes
{Z) Extericr diadeter of Sudes Dy m
(C) laogth of tube }, m
(D) Orcas sestion of flow ¥, n’
(3) Free scavestion
(") Voreed sonvestics
(u)' OF 19 pipes, 2 vere olomd




TABLE 18

coatinued
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Arrangemezt of tudw in the shells of the hoal exchengers is shown schema-~

tically in Figure 73.

Pige 73. Acrangasent of tubes ia the shells of heat exchangers

invastigated by MacGoff and Mausteller.

For multitube heat ezchangurs one guners] expirical forzula vas obteiasd

for doth fr-s apd forced convection

N E N
X $
. [

ol (s)
wiere D ta tha cutside dlametor of the tude;
Fiie sie cross-aeetionsl ares of the liguid-metal paseege;
Fals the beateezchangs surfece.
Tho oxverisental data 02 free convection for a siaglestude heat oxchanger
do act coafore to shis fumetien.
23+ Hoat Pxwnafer during Poresd Cogvestion
By heat transfer uader forced comvestiocn, we mean 0o oxehadge of heat
betvesa & 80lid surfaes ond a pumped 1iquid ia scatact with 4%,
For & liquid floviag turbuleatly sar aay surfase (for ezample, ia a
sircular tude) the estire flow area ¢aa Ve arditrarily divided iate waree partss

NCL-554
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laninar cublayer, directly ad Jecent to the swface of the solids in 1% the
drag action of the wall shcwa up strongly; here the particles of the 11 «iid nove

in an orderly mannsr and eddy currents are not formed spontanecusly.

Turbulent Bucleus core - the basio ceatral area of the flow oheracterized
by easentislly disordered motlon of liquid partieles,

The intermedliate or transition area located between tae laminar aublayer

azd the turbulent nueleuse

Thae heat 18 transforrsd ia a flow due both to the molecular heat condugtiviny
of the liquid (4 ) and to the turbulent nixing of volume (mcles),

The intezsity of the molscular heat transfer in a 1iquid can be characterizsed
by its thermial diffustvity o = -;}7. Jralogously, the zepeztum trasafer due
to faterzal frictica im a liguid §s cbaracterized by the kizematie viscoaity

Vo ,_"‘_’ o The dluensicnless retio of these values is eelled the Preodtl pumbers

Cocvopticoal Plulds (vater azd air) have Pr austers of 0.7 through 200, waile
lquid eetels sra ehespetsrized by Yory low Fr vaiues, ruiglag frem 0,005 to 0s)
(Fie Th): suls $ sazceisted vitd their bigh therwal conduesivity (Migs 7S)e Ia

ecstraat %0 mers tallle 135uldr, wheiw Lot trerefer ip o flov !» Yool
carried oa Ly welesuler traasport, ia 1iquid metals moleculer ezchange of hoat
a2 play & large roie (eves ia the regios of Wae Surtulest eore)e
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The role cf the l=rinar sublayer im the tots)l resistance to heat treanefer iz
1iquid metals s sraller thar in ccuvantional liquids, since 2 this case the sud-
laysr is relstively thin (  1s smnll) ard conduets heat well { X 18 large).
These concerts are illustrated in Fig. 76, vhere the cistridution of temperatures

iz turbulent liquid rlev is shown for various Pr aumbers,

Mee 76s Distridution of teomratures in turbuleszs flow
af 2 13quids (1) isntpar sublayer; (2) Surtuleas

sure, (3) \rensitice exves

Ia surduleat flow of liquid metals She ratie of the heat flov transferadie
by Eo)eeular heat ecadustica 10 the heat flov trensferable due Lo turtulent
aizing osa Do epiroiimetely svalusted i e followiag menmer, A% valwes of

&

- -~

W




T

At

whsre \X/ i= the velocity of the liquid;
!

-

i3 a characteristic gecmsiric quentity;
[t 1o the thermal diffusivity of the liquid;
the mechanism of heattransfer by molecular heat condvction prevails, Yor Fe
nunbers on the order of 1,000 the role of the moleculer and turbulence mechanisms
of heat transfer is approximately the same, and only vhen Fo7250,000f i.e., at
very bigh flow velocities 1{n the care of the flow turbulent heat transfer prevails
and tbe relative magnitude of the thermal resietance of the laminar sublayer
stroogly increases; this constitules a large portion of the total resistance to
heat transfer as it cccirs for conventicnal liquids, Exporimental data( 47, 109)
canpletely confirm the specific sharscter of the distribution of temperaturen ia
the flov of & liquid metals

Fram what has been said,it is clear tbat the formulas descridbing heat transfer
in nomzatallie liquids canrot be used to calculate a heat=trenefsr coefficient ia
1iquid metalse

Iat us note one more peculiarity fourd duriip the study of heot trapsfer ia
liquid metals. Becauss in a pumber of ceses the zolten metals does not wet the
heatetrapefor surface, the cscutvact of the liquid with the heated surface Tay not
be canpletely satisfactory, wvhich causes edditions]l thermal resistance to heat °
trenafer, Dus to the poor liquid wall contact or becsuse of the appearsnce OB
the laysr separstion surface of some impurities, oxides, eta., the thermal resise
tance can sharply diminish the hestetrensfor coefficieat =~

Turbulent flov of « Jiouid Beted 18 8 GArewlar tules The result of & thecre
$ical sclution of this yroblem. given a conatant msgaitude of heat flow aloag the
sude wall 51207 oap be rresentsd ia the folloving form with a tatisfectory degres
of accuracy (Martinellielyon - rmula):

\u ‘:l RERTXY: Y L

(58
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whers ~»is the heat-transfer ccafficient, kul/la'ar °C.

Seban ard sam:ut[‘uéj solved the same problem for comstent tubeewall

temperature and obtained the equation

(56)

The accuracy of Equuilons {55) and (56) is confirmed by certain oxperimeats
cendustod with sodium and a scdit.aepetassium alloye Experimental data of lyeas,
wernar, King, and Tidbsll on heat trapsfer to alkall zetals ara showa in Tadle 19
and Mgee 77 and 78,

TABIR 19
Cozditicns Under Wiich Certein Exporiments on Heat Transfer
ts Sodiuwx and to a Sodiumepotasaiua Alloy Vere Carried Out

Autaor Typs of vorkizg lnside ¥all Tezpera- Reynolds
experimontal liquid dianster gueerta) ture numbey
arTenginest of the Tange reage

ke

lyon  coscentrie 2% M= 11 oM 28 ay0pe) 205 ve 225 15,000« 90,000
Subes AL K allop

Verser, coneeatris S8 e L ajeks] 150 te 650 33,000=2%0,000
Kiag  sudes MK alley 35,000-2080,000
od and 228 -

iaval)




| 364

Fige T« Bxperineutal date of Lron oa beat Sransfer
for turtuleat flcv of Na=¥ (A8Z X) ellay
1o & olircular tute. (1) Kersivelli=lyca

aolution,
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Svpwrizoatal data of Yerzer, Xing and Tid¥%l)

“&o 78'

0p bheat trensfar for turtulens flov of Ne=&

allay ia a eirculsr tuta, (1) Martinellielycn

solution); _ = allay eith §af K; o) ~ellw

vith 778 Ko
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Experimental data for other 1iquid metals (mercury, lead=>smuth alloy)
deviate significantly from theory im that values of heat-iransfer coefficients
fourd exyerimentally are sualler, as a rule, than the theoratical coefficients.
Let us examine the results of studies by certain authorse

Experinents on heat tramsfor %o merewy .109) wad to a eutectic bismuthe
lead alloy ’:116', were conducted by Johnson, Hartnett, and Clabtaugh, Under the
copditions of turbuleat liquid flow and for a constant heat flow along the tube
wall, thelr heatetrapsfer covf: . .onts were 25 to 358 lower than those caloulated
i accordance with the Martinellielycn thoory (Fige 79)« A dlagraa of the test
seteup of Johnion ot al 1a stown in rige £3s A® these tests indicated, evea @
azall amount of gas eatrained by the lizuid etel and eirculating vith §§ zan
stronzly affect the intenaity of hdcat transfer. In thias case, the gas used vas
helium, sucked into the syats: from an espadnsing tank by a eentrifuge) pump
(PFige 80)s The prosence of the gaa reducea the heatetransfer coefficlent to the
Po—Bi slloy by spproximatoly twice. AfLLr & Daffle vas indtallyd im the lower
sectios of the ezpansion tazk 80 ~s t0 Nrevest formation of a funnel ia the
ceatrsl sscticn of the tank, espture of gue by the ™._p eeassd, The henSetrunafer
cocsfficient to the alloy ia the process ssetion inereased,
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Fige 9« Saze experimeaial data ua baat Srapsfer to

i Eereury and @ P=Bi alloy for Surbuleat flow
¢ ia tutes. (1) Martinelliclyon solutica;
(2) teats by Xsakoff and Drew (mereury);
(3) tente by Tref:then (merewry);
(4) tests by Seden (eutectie M-diy),
(5) tests by Ludarsky (eutessis M—B1),
." teste hp Johnsos ot &) (euteetis M- 84)




fig. 80. Diagran of test nsteup of Johnsod, Bartastt,
! asd Jladaugae (1) Process sectiiom}
(2) paps (3) tenk; (8) varfie; (5) differeatiad
saacaster; (6) ecolery (7) feeder tank; (B) guo
purification) (9) sancmeter with & mall enperetors
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Capture of gas by the puap is also undesire®le becauss it increases the rate
of oxidatioa c¢f the liquid metal in the system, As vas detected vhem the study
ip question vas conducted, the accumulation of a noticeable amount of oxidising

- metal (slag) 18 the tunk was otserved only before capture of the gas by the pmp
vas sliminated,

Treoiden fula ecaducted experiments on heat transfcr ¢5 mereury. Stainless
stssl =nd eopper were used as material for the tube; the coppsr surface was Tirat
waakod with a miztvre of soluticas of hydrochloric acid {HC1l) 8nd mercurous
ehlorids (HgCl?). 60 that the surface was v-ry wettable by the ligquid metal.

In the range of Peclet vumbers of 100 Fe2,%00 the iatezsity of heat trensfer
wa3 the saze ob *oth swlases axd way 308 levar than the caleculated Martipellie
lyoa ourve,

A significant incroase in tho heatetrsasfer coaffisieas (by approxizately
twice) vus dotected 12 the oxperiments of Doody and Younger :61:. ¢ VO edded mmal)
szounte of scdiva (0,18 by waight, and less) to nere'cys Tho authora ettridute
this phenozecon to ad iajrovensnt of the vetting [roperties of the 1iquid metal,
since 1m rospect to z:reury sodium A surfasr=active elexest sudbatantially
reduces tae awifact tensi 3 of Mrcurse The expscimental funetica M= (M),
found by Doody and Youmger ia 39388 wiia added solium, setisfactorily agrees with
the data cxanimed adove {Johnson o8 sl; Trefethea)s

Data of Ssben aad ludersky oa heut trunsfer to the suteetis alley of Miamth
8ad lead in geoerel agres satiafastorily vwith Johasca's data 1s falling 30 te 508
. belov the caleulated Martinellieiyoa swrve, Seban found that for asn alloy floving
/ | 18 bAA VANA & Sinc2cated latericr 1he Meetetransfer sosffieieat inereasps 258

1a somparisca vith aca=tin-ecated tubese

Traaslator's 20tes Ap e origisl text) aceordiag %o the bibliogrephy,
Mty 66 10 msamte
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A gradual decreass vith time of the coefficient of heat transfer teo
marcusy, \, vas detected in the expariments of English and Barret :ﬁ ¢ Ths
value of = for mercury fiowing in a nickel tube is balved after operation of the
apparatus for 35 houra, and in a tudbe of stainless <teel, after 100 to 120 hours.
This phencmenon can te explained dy insufficlent purity of the liquid metal, vhase
Lazuritics gradually accumulated ob tha heatetransfer surfaces

Tte conte.itation of the marcury wvas obvicusly enaanged by the lack of
protection against atmospherie hydrogens

A ccaparison of the results of the works msaoticued is showa ia Fige 75e

1a review article 119 , ludarsky end Kaufuman cffer the folloving empirtosd
for-ils, which agrees with ths data of the Zajority of fareign researchers oa

heat tranafer during turbuleat flov of 1lijuid detals in tudes:

Nu - Gags et (77

Thls forzula 18 useful for valeulatiag heat tradafer beyood the regics of
tharcal statilizaticne TFor beat eachanyy within 4 <latilised rugion see below,
A Teszth of eajirimestal duts used i arrivicg at Formula (57) e gives da Pig,
N, Iue eurve corr:i,nadieg by the thecretical Martinellis-lyon for=ula ie alee
shova taere, Praetically all tas data shows oa the diaxras were obtained through
oXperineats vith mareury and vith the eutectic dimmithi=lead slley, in wiich eca~
atant Mat flov conditicas prevuiled along the tude walle

HoL558
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along tae tude well)e

v

(”




Fig. 81. caption continued
(1) Martinelli-Lyon solution; (2) salculsted by the formula Nu = 0-6254’00"!
- Stromquist {mercury); ‘., y = Isakoff and Drev {mercury);Q - Johnsom
ot al {mercury, eutectic Po=—Bi); [’ = MacDonald and Quitention (sodium);
~ = #)%z2er (morcury); L« Johnsoo et al (Hg, eutectic Fb~—Bi, lamipar flov);
2 e Untermoyer (eutectic Id=—Pi); ~ = Trefethen (msrcury); - = Seban (eutectic
Db~Bi); [ = Epglish and Rarret (mercury); . e« Untermeysr (eutectic Fbe Bi

with cdded magnesium)e

Thé varic‘;usw;\;t‘hora differ as to the effect on hsat transfer of adding
wetting e.senta. to mercury or a Pb~-Bi alloy. In certain tests suck a stromg
effect was found 'Doody and Younger :66} » marcury; Untermeyer, Pbe=Bi alloy),
and 1ip other tests it was not detected at all (Johnson et 3l [109] , mercury;
Lutaroky, Pb=Bi alloy)e. Evidently this divorgence is explainod by a difference
in the conditions of the tests conducted dy wvarious authors ard primarily by
the degreo of rurity of the liquid matal,

Turdulent flow of a liquid matal between two parallel planss hestiegz from

one_side, For the condition of constant heat flov along a surface Seban fuﬂ

obtainsd the following theoretical formula

(58)

.
-~

ey

\u ?‘i-': B T T LS

% 4 steel surface ccn be wetted by meroury or a Po==Bi alloy if a 0.l to 02X

of sodiuxn or magnesium ${s» added to the liquid metal,
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vhere the Nu and P numbers are determined dy the equivalent diameter of tde

channel whinh squals

wh3re b 14 the diatunce betveen the planes,

In Fige G2 Jeban's theoretical solution ia compared with the exsrimsntal
dats 22 Sinls 'ni for moreury floving ineside a channel of restangular cross
g3ctica «ith & high siie raties Gradual formatica of an oxile layer oa the heat

trunafor surface was naticsd by Sivds (carbton steel wus used for the shanse) wall)e

/,
. ’4/
o= .
*
-
. twy*
¢ B
PR, - e
., Y- P T

Mg, 82, Heat transfer to mereury floviag iaside s 51o% chaniel,
(1) Sedan solution,

100
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Turbulent flow of a l!i~nid matal between two paralle]l plares heatiung og
both sides. A solution tu the problem of the distridution of temperatures im e

1iquid rlowing bdetveoa }lates vas obtained by s.m_'wa s Y20 found the form

of the functions releting the Re and Pr numbers (Fig. 83) v'th the quantity

-

z .-..--_-—-—-;-'4 + vhere . and 7 are the temjeratures correspondisg to tae firss

&

and s2cond plates respactively,’C; Y. 43 the average tezparature of the liquid

betuesa tie »htn.°c.

trie
s

b

. .
1
e e ey t:_"s‘vv ——
2

‘ Al

Nge 93¢ The Liatcidution of texmretures §e & liguid-aetal

fiue Litesvh twe pevslled Liated slatese

Lot ub edsuam t:atl %39 covfflcleal of R:at transfer fram tie vall t3 3¢
113usd for siagle-sided heoating equals > s Then ‘1o determined by Paomula (58).
Slace the valwes of X acd - are Knowa, he valuse of e heat flowe oh sach of
Ve surfaees, : amd : » and 0100 W0 Telues of the temperaturve ., ‘e‘ 0“
sah o found by sclving the folloviag systen of five algedrale squations:
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Tbei the values of the heat=trunafer ccofficients for each of the plates

equalss

N
t

irhiilent flgs of a 142911d metal acrods an annular slote Let us denote by

i)

!

r and r . the corresponding outside and iznside redius of an annular space. If
tho ratio T ",“- i{s aprroximately ora, then the annular slot can be trcated as a
space betwsen two parallel planes. In tais cane it i3 poosible to use the
forzulas and motheods for calculating heat exchnnge described above. Howsver,

t

when the ratio —t?~ > lo4 a more accurate method oi caleuk ticz 1is that proposed
4

by Baileys He obtainsd the formulat

\u \“5 -

. 60
uism,.‘l’:)s“’peo.lo' (60)

wvhere

! ! 3128 B S4B - 1
N, LT I\'

i -
The Nu aud T rumters sztering into Formula (€0) are determined by the
dewp - 2(ryg—1,).
equivalent diamater which equals:
Relation (60) can be represented in the following simplified form.

-
Nu o 075 21Pme te)’"‘ (61)
A 7] .

in this expression the coefficient of heat tranafer, A TR is calculated
from Yormule (55) for a circular tube, Bailsy's fo.mula was confirwed for

alkali metals by experimsnts of Werner, King, and Tidball, and of Lyon, Hall,

and Jenkins 95 o
The experimental data of Vornor et al, and also of lyom, are shown in PFigs,
84 and 85,

MCI1~55%
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Heat trapsfer from sodium to a sodium-potaesium alloy was studied by Ball
and Jenkins :9_5-_1 . The test heat exchanger was so prepared that both ths medis
ex.runging Leal flowed through the annular spoces between the tubes, It was
discoversd that ever a amall eccentricity of the heat exohanger tubes relative
to one another troduces s strong distorticn of the temperature field iu the
1iquid metal) circulating in the anpular sjace bet.een the tubed; this in tura
affocts the int.nsity of hoat exchangs, particulsrly for high thermal ltl‘.ll.l.

2
at the heating surface (grester than 5-1‘("5 kcal/m hﬂ

?‘4.

..)i'al e

Ve AR B

| . ..-<-":{ e ‘ PP
' .:.n 0. :‘ X

Figs 8. Deta of Weruer, Xing, ond Tidbsll on heat
tranafer to Na==K alloy flowitg 4a an acoular
slote (1) Bulley formule; "= kA% K alloy)

O « 7% K alleg,

¢ Tranalatuets aote, Fussien origizal secms 0 use *thermsl strcsses® 42
srror, Toe disensiods given suggest that ‘hnet {lux® wvas jatedded,

lv3




» ™

———
!
-
PO
e 4e
S0
N
-
P
. -
.
- )
-

o -— e
.- -
+ . ey

—
- e
——— e b b b el

(
s -4 e
+
-
-
1
t

—a- I S s e .
PERSORENIIE A .l
X’I"""'!_'l":‘f‘ = :

-
< -

P
L

TR 4

.‘;_,,..?g ..
. e

P o S

+
domem beme ey - By

Mee 85, "mia of lycn on heat tramsfer to Me=X
ailoy (482 X) floving 1o ap annuler sled
1) Bailey formmla,

TRrte Felaticnd awpe nLfirsed by oo tloo:ctieal szslysls earried cut by
e suthors,

Pate o2 auat tredefer to Ma end Ja= K 12 b anpulsr space vere obtained ia
tests by Hall and Jenkins, ¢ad are shova ia Pig, 86, The trazafer scefiiciems
vas diturvined through caleuletions hased ca meadureswats of the ecefficient
of Moat transfer frum the inaide risg t¢ the outside alloving for the therwml
Teaistanes of the tabe un.. Tae exporiseatal pofats for the iaside riag

® Carbon steel (for the Ma teat) And atalnless stes) (for e M K Soota)
vere used Cfor the tubes,

M5
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alope (insidc rudius ¢ ° ==38.7 am, cutside radlus r = 1.9 mn) are givea ia
Fig, 88, As la olear fros the graph, a cutisfectery correspondence bdetween
Yormula (61) and eapurimont was obtained, ercept for the sree of mall Feclet

numters (less than 100 tc 130}

ﬂ,;—‘
E==

— e o —————

tige 2Ls Dota of Hull and Jezkiss un Lest transfer
£.5 elkall netels floving ia exnuler slots,
{1) Bailey formula: o Wdiur=portassivm
alloy; x = sodiwm,

Tvzbulent floy of o Meuld setal Shreuch Rencireulsr shabBelss At presest
tas methods developed fcr ocaleulating heat \reasfer for & flov of liquid metsls
through ponelrevlar chanrels are eved less tatisfactory,ducs to & mumber of
Airtienltion origiaating $a the course of theoretisal and experimestal igvestye
gations. Iz she firad plaes, the hydrodynamies of turdbuleat fiow i soneireulsr
sharaols has ot been sdaquetely stuiied; seccodly, the tempereture abd boat

LA
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flow along the perimoter of the channel is Dot ccustant and their distridvtion
may be complex in character, For prectical purposea it is most important to
know the average heat~transfer coefficient fror the entire chennol, and also the
maxioum difference of temperature betveen the vall and the flowing 1iquid,

The problem of heat transfor to a liquid uetal in nonoirculsr channels was
solved. by Clayborn for a puster of chacuel crosaesecticn ccoligurations
{rectsngle, trinugie, and ellipse).

Hs cade the follcwing t:sie assuzptiocnss

le The distriduticz of the specific heat flow along the perimetar of the
ehapnel 1% uriforms

¢e The wvalostty 1i3uid flcw at all points cf the chanrel ercas ssotiom
iz :-natabte

3¢ Tho heat ip translorred cbly thrcugd molosuler heat soaducticde These
msruspticas are accurats fur uniform eupply (rezcvel) of deat o (fram) liquid
zotal moving turbulently 4n a ctanzel at o comperatively azall veloeity (M 100).

w.uytaras ottained the folloving values cf Nu zuaders and tempereture
«iffer-naes {1¢quidensll) for chennela of various formse

I wgler

o ?

the azimam differeace i temperature of tbe liquid azd wvallde

waere ¢, 1. the heat flov vith respedt 10 uait lengta of snadbel. Eed i/ Mo
oquileters] '

AU B

P
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a right iscscelss triangles

Yo 02
[

Tue Nu nuwitbers are determined by the equivalent diameter

9
LRI

where { 18 the cross-c-wcticnal ares of tLe channel;
18 the pelriuweter of the channed.

Ine zoncept of the equivalent dlametor can not alvays be appliod vith liquid
cetals. actually, in s nusber of cases {flov in cbannels ut cczparatively small
Ie guzters, for example, when fs - 102 o 103. or flov it ciosely spaced mlcts)
waere the zone of substantial texpsrature cbange near the vall is camparadle with
the ohacnel width of the zochsbimy of heat transfer iu the chazael, ia grinciple
differs from the Zecbanis: of Rest excladgs in & gircular tube cf equivaleat
ddazeter,

‘The intenuity of hest exchange during the flow of a Ka-< alloy ia 8 rese
Sazgular cbanne)l of 12 X 1.5 x3 eross sectiod vas determined by Tidiall ,'1622.
lnveu:igations vers comducted using & heat ozghanger ccnsisting of tvo restane
gular chancels separsted by a thia ( = 0.5 ma) vall of stainleas steel,

The valuvs of she best-tranafer coefficients, found from the soefficisat of

beas trapsalssion, verv alose %0 the thecretical curve obtaimed for resteaguler
ctancels by Barrisch and Meake 98, . Tue results of She experimeats are showe
ia Pig. 87,




Firs 87+ Heuv transfer for flow of Ne—K alloy ina

rectangular chanzel (1) Rarrisca and Nexzke

forzula; (2) experimental data of Tidball,

Hoo$ STenefes in yne sctranes gssticy of s elrcyleg tube (Surdulens flay),
Forculas (55) ard (57), given ebove, can be ured to caloulate heat transfer caly

for relative’y lung tutes,sirce the prusence of a thermally stadilized sectica
increases the heatotransfer ccefficient in tne entrunce section of the tubde.
According te¢ the celeuluticms of Deyseler (Fige £2) the averayy coefficient
of heat tran.for to licudd metal zgrees with the heat-tricafer coefficient bheyeud
the thermnlly atalilized secticn fur Telative tule lepgths of [ /4 = 5O or more,

“4th shors subes it 18 2eyesn Ty to calculate the heatetrao:for ccefficient with

the eatrance~secticn forwmlec
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Fige 88, Corpariscn of the average heat=transfer coafficient
ip tubes of various relative lengths with tne heate
trausfor coeflficient teyond she therzally stadilised
section (turdulent flow of a 117uid metal).

(1) - =20, (2) = =50 (3) 4 = 100
(&) o =~ (for a stadilined section).

Theoraeticel icvestigations of heat tropefer during turbulent flow of a
14quid matal 12 She entrance section of a tute were conducted by Deyssler, amd
0100 by Fopendik apd FPalmers Deyssler analysed the case of constadt heat flow
elong the heat=transfer surfece by taking She nud;oouu veloeity rrofile of
e tube. Poperdik and Felser examined the ¢ane of constant tubeswvall tempereture
and disregarded the turdulent thermsl soaductivity of the liquid, dus to waieh
their caleuln Sions are aceurate caly for the region of lov Mo mumberse

The results of these otudies for ad eutraice section with a relative leagth
of 1 /4 mj,6 are ssova 1n Figs 89 as the dependeace of the aversge valus of Ve
M sumber for the entrance sestica oa the Mo number. ML) experimental dats of
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Johnson, Hartnett, and Cladaugh ﬁlﬂ » odbtained {n ‘usts usisg the same relative
lengik with eutectiec Fb~-Bi, ars shown in te seme illustration, Tests with
meroury wers conducted by the indicated authors with similar results; Popendik

and Harrison Toasured the heatetransfer coefficient for vory short tubes

(/4 ==} to 2), also usiang meroury,
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Tige 89¢ Heat tradafer 1o the entr.nee section of e eireular
tuds during turbulest flow of a liguid mstale
{1) Deyssler solusions; (2) Ropendik and Pulmer
solution; '« experimental) data of Jchasow ot ale
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Acoording to the data of Johnson et al, for e Pth—24 alloy the length ef the
thermally atabilize? section doos not exceed thirty times the diameter of the
tuho{cn iae average,~—284) and is indepsndent of the Re aud Pr cumbers, This
length i3 sa:what more than that obtainad by Seban and Shimazeaki 148 by
thooretical mwans (i == 16d), assuming coastant temparature at all poliats of the
Beatevtransfer surfaces. 4 typical sraph couparing experimeatel and thsorstieal
values of the 1ccal cosfficients of hoat transfer in tus eatradce section of &
tubo is shown ia Fige 90 On the graph, the ratio of the tude langth to iSs
Jiaxster ls plotted along tae avscissa and along the 3rdinatey the ratio of the

local heatetransfer cofficlieat to the sversge value fof the entire tude,

PFigs 90, Compariscs of caleulated and oxperimsatal valuwes
of she looal heatetransfer coefficients for a
1iquid wetal ia Lhe entrance sestica of & twbe,
(1) Experimeatal data of Johason ot al;

(2) Seben and Shimasaki solutioca,



tus 'n fuber,  Cor leamlper-flcw conditions, certaln results of
fuvesdications ~f Loat transfer in liguid. sonzotal's have been applied to liquid
~2tala.  Car oroople, the coafficfunt o heat transfer to a 7iquid motal within
ths vptrans~o vesticn of a circular tube uader conditloens of constant heat flow
slcug 2ts length zust egual 48/11+X /d, ~nore ¢ 48 the diameter of the tute,

G otz oave o Cweemtianl solution to thas problam of heat trussfer in the

ents ez o5o-tica of » tubs auring lemizar flow of an inccapressitls liguid; the
wial 1 reeraturc wes +-. . o4 constoot <£d the flow velcclty profile to be

riratolles  Fur recult of the solution, ooe Figs 91 Tks notations on the coors

dirite axes are interpreted in the following manners

vhara q {2 ths haat flux, kcal/m? hr;

is the .hrat-transfer surface, &y

Vg

Yont -0k ere the average ieaperatur<s of tts 1i4uid et the entrence

ard exit of *%2 ‘uta, respectively, °C;

e

i3 ths :ength of the tuilo, my}
G 1s ths iuss Slow ret> of the liquid, ¥a/hre
There 13 still very little siperizontal data accumulated on heat transfer
to liquid mstalﬁﬁndor lemipar flowe The investigations on heat transfer to
moreury and a Pb—Bi alloy conducted by Johnson, Hartnstt, and Clataugh {lnﬂ
under laminar and transition conditions for a flow of metal indicated that in

the area of lov Pe fiuuicrs (Pe< 10C) the intensity of heat tracsfer falls

sharply (see Fig. 97).

ot -
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Mge 91, Heat transfer duriwg lazipar flov of a liquid
in the entresce ssctica of a tubs (%, == acdst).
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Fige 92 Heas trassfer t0 Mescury and 0 sutestic =34 alley
during lanisas flov of o liquid metal ia & sirewlar
tube, (1) Martinelli-lyon mlution; (2) experimeatal
data of Johasoa ot al) L) = meroury; O » eutestie
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Heat transfoer during flow of s liquid mata) in the spoge betvesn tybes
v {longitudinal £157 past tube barks), keat transfer in small heat exchangers
using alkali wmotala has Yevn atudied by Tidball :162__'. Investigations vere cone

Oy
ducted on s laboratory=type shelleand=tube heat exch:inger which consisted of

pipetesn tubos with &b outside diamzter of about j mm ineclosed in a cyliadrieal
shell wvith an inside diapeter of 22 mm; =-ltor sodium flovsd longitudinally pass
the tubes. A sodiwmepotassium eutsctie a'loy (782 K} was circulated iaside the
tubess The flov eround the tube cluster was nut leongitudinal, strictly speaking,
tecauss lateral buffles wers installed inside the shell, By measuring ¢he heate
trancalssicn coefficient the average coefficient of heat tranifer fraa the socdivm
betwoen the tutes was cwxputed dy the author, wiile the coefficient of heat
traasfer fraa the alloy floving inside the tubes was calculated with the Martiselld
Lycas [131 foruulae The resulta o the exp:ritsats are shovm ia Pige .

Figs 93« deat trensfer ia tbe apsce between tubes of amall
heat sxchangers) sodium end Mee= K allege
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Brooks aud Rosenblatt 47 studied her$ transfer froe sodiuu to o sodiuee
potassium alioy in a ahe\..l-and—tubo heat sxchanger, Inside the akell of the heat
oxchanger Na—K (56X K) alloy circulated, flowing logitudinally jast a tank of
72 double tubes (*tube im a tude®), Sodiuwm circulated in tic ilnner tubes and the
space b-tvee: thw outur and inper tudes was rilled with a Na—=K alloy. The sudes
wvere mide of ninckel. Together with the h3at oxchangursg Eroocks and Rosenbdlats
condugted measuremsnta of the heatetransfer ccofficient vith a ~team goperatoer
using s scdiumepotassium allcye In prizeiple, the structure of the stean generae
tor vas apalcsous 0 that of the hoat exchangeri the apace betveexr the outer and
toner tubea wvas filled with a:rourye Type 347 stuinlese stes)] vaa used for the
tubese

The beutetranafor ccafiicients ia the space betvesn tubes were caputed W
the authors fraa the hoatetransfer cosfficients in a heut exclanger axd ia the
evADOratar ¢f a steam gexerator; only teuss vith e horizental heat arxchanger vere
coneidored, since in a vertical positics the free codvestion of the 1liquid actal
12 the space betwesn tubes tagan to effect the hoatstransferl [rocess,

The results of the exporiments »f Erosks and Rosendlats (Pigs 94) are
deseribed by the followiag funetion:

- wans
o

vhere the Mu and e mmbirs wvere calenlated uoing the cutside diamster of the
Sube hank)

h s aross=seetionsl area for passage ¢f the liguid, l'.

7, 16 10 desterruaster srtues, u%

Docause the relative spasiang of tubes ia the evaperator Saak wad subeteds

Slally 1arges thad for e Deat oxchangel, 120 Fetie r‘ﬂ, finetuated vithis Srend
1iaise ia the tests of Drecks and Ressadlatt,

ns
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Pige 93¢ FRasults of Irueks' and Rosendlatt's experimsate
08 haat trensfer ia the apace betveen tubed of & beat
exchanger and a vater evaporator uwaiag alkeli metals,

(oY

. = evgprmtupr with foresd elreulation; = gvaporetor

with naturel eireulatica; X = Moot sx:2ARgATe

Sead ALapafer Jorina \rapirerse £icw 2ast iube Bagkis Hoes Oroskis, emd
m'ioi condusted tests OB heat tresafer for a ttensverss flww of mevouwry
poot a staggered tube beak, Thay stuliesd the effest o heat trensfer of e
fellving fasters: velesity of the flov of wetel, Ve Telative positisas of the
tubes ia 0o beak end 0o material of the tube swrfesede

The relative seperetion vith Teepest 10 the widid of We dSesk ws 8}/ s1u 5%
and vith Tespeet to 180 depth, 1,04, 18 e direstion of the flov of mstal, w0
$,/8 )09 Copper served as 1he muterial for 1he tebes; thelr suter suiness
were chrame plated. Zeversl tests were ecadusted oo tudes which had 208 Vosd

WeL-550
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shraca plated; thi'a pormitted the mercury to form an amslgenm with the surface of
ths tube and wet it well. In tests with a chrome-plated surfuce it wes found th'at
cor tubes located in the iniorior of the bank (beginning with tre third row),

the dependensc of the hest-trapsfer coefficient on the flow velonity of the metal
can be represented by the expression:

B T L. T

where ~ 15 tke average heaietransfer covefficient over the circumference of the

sube kcal/a® hr °0;
\’.wa is the velocity of the liquid-mstal flov in space between ths tubes
computod for the nurrowest scetion of the bank, m/secs
/ {s the outside diemester of the tubes in the bank, m}
Y 1s the kinexatic viscosity ;>r the 1iquid metal, nz/uco

The authors obtained the following function for the heat-transfer cosfficient

cn & coppor heatod surfacei

Y [ XIH
T Ve d 9%

A comparison of the experimental data for duth surlaces is given in Fige 95«

Heat trapafer from the tubes in the first row cf the berk s shown in Fig. 96
A i3 clear when Pigs, 95 and 96 are campared, a ncticeebdle reduction in heat
trapsfer for the first rcv of the bank in comparieoa with the third and others
vas oFserved only for tubes with e chrcme-plated surfaces

MacCoff and Msusteller studied heat transfer to & Na—K (56X D alloy as 1%
flovs transversely past staggored and ipeline tube dankse A Na==X alloy aiso
circulsted ipside the tubes, and the heatetransfer coefficient in the space
botwoen tubes was determined dy calculating tbe heatetrensmission cosfficient,

The Glemeter of the tubes was 12,5 mma; in the ireline hank they were arrangsd

MCLe55k 117
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- vith Telativs spacings of S;/d == 1,2 (vith respect $o the widih of the baxk)

and Sz,»'d ==).08 {vith respect to the depth of the bank); in the ataggered bank,
. the apeeing was S/d == 1.21 , and vas the samr for both the width and deptk of the

vazke In the Reyuolds-number range 3004 Re {70,000 the authors obtained a heate
transfer coofficlent far rowa of tubos located in the interior of she bank whiad
can de re rerc sted by tha e ustionss

| ' for 8 s«tapgered havl
‘ B .

i ‘ (65)

' " for inelins bank

‘..,.J L]

1‘ A . . (“)

Toe 0:0% z2t3ticus are used 1n Formules (65) and (66) as in Formulas (63)
and (6a).




Fig. 950

H‘t "o

Heat trapsfer friau tulss ¢f & oto,gervd back,
Lizoreed iz o trazsverse flow of mercury (far
Tevs of tutes located {n the interior of the
bark)s {1) Copper tute surface, (2) chromee
plated tubs surface.

() 2107, ke’ ur %,

Heat trazafer from tudes of the first rovw of a
stagpooed bdank, immersed in a transverse flow of
mereury. (1) Copper sube surfuce; (2) ewromse
plated tude murfaes,

(o) <z 107, xeade® ar %0,

114
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24e Host Transfer duripa Boilinz and Condersatviocn
Heat trenmsfer fer boliling 1iquid metals, The amount of experiments) data in

the literature on heat trznsfer from boiliang liguid metals is meagere

The experimentsl s-_\tu of Parmer and Lyon on the boiling of sodium, a sodiume
potassium alloy, cadmium, and mercury (pure and containing added wetting agents) 1
are showa iu Table 20, This data is also graphically shown im Figs. 97 through
39, and in Fig. 100 a carparisscn of the heatwiransfer ccofficlients of various
beiling liquids is given,

TABLE 20

Ezporimental Data on Heat Trarnsfer fras Boiling liquid Metals

ta) (B) © (0) (8)

liquid Teuxpere Material of ) Tenperature Racge of heat flums
ature the beated drop %, % [y keal/a’ br
s % surface

(n (x)

Y¥areury satitun i

(0) v

Maroury cvataining Copper

0,14 sodium )

(®) Careme

Mereury ocntaining i

0,028 zagpesive and gy, 334

traces of titanium  g454n)008 steed
1) .
Sodiua~potasaium alloy

(56 vo 5% K)

)

Sodiwm

Lyt )
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TABLE 20 continued
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Fige 97« Hoat transfer fram boiling sodiuc and toiling sodiume
potassium alloy (56 to 59X XK), € = Sodiwm
C « Nawk alloys (3) q, koal/n® bry
(b) temperature drop equals the temperature of the

°
surface minus the tamperature of tbe liquid G,
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Pige 984 ant transfer from builing mereury and cadmiume

A
o Ma aryp o

» cedmium,

(a) 0 kul/ﬂa ar; (b) temperaturs drop equals

tho tazperature of the surface ainus the temperse

ture of the 1iquid, %,

122,
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Fige 33+ Enat transfer froa boiling msreury containing
edditives of Na, Mg, Ti. (1) Former solution;
(0 = 001% Naj V= 0,022 Mg a.d 0,0001% T4,
(a) L) kcal/nz br; (b) temperature drop equals
the temporature of the surface minus tae

temgarature of the liquid °G.
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Fig. 100.

faewrart (4)
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A rlod-tag, (b)

reat tracsfer from varicus doiling liquids.

{a) < z:\--l/'nz by °c-. (b) temperature drop
equals the texperature of the surface minue

the texzjorature of the liquid, %C; {¢) meroury
(3) warcury (0.02% Mg and 0.001% Ti); (e) mercury
(0,15 Ya); (£) vater; (g) cadmiume

An examination of the table and graphs clearly shovs that sodium, sodiume
potassium, and msroury containing dissolved additives yield the maxzimum intensity
of boiling heat transfer; here the temperature drops detveen the 1liquid and vall
do not exceed u° Ce On the ocurve corresponding $0 heat tranafer to mercury vhioea
contains 0,1% sodium, a maximam is observed indicating the beginning of film
boiling, as vapcr bubdles, forming on the heating surface, unite into one eoa-
tinucus film and sbe iateasity of heat traisfer fallssharply,

An important factor affesting the precess of heat trensfer from boiling
11quid netals ie the vetiing of the heating surface by the boiling liquide If the
11quid metel does not vet the heating surface, then fila doiling ocan becoms tbe

/2 ¢




cnly type of boiling pcasitle; this was otserved, for example, with bolling
morcury and cedmium or a stainlessezteel heuting surface. When 0.1% sodium, or
0.2 megnesium erd 0,0001% titenivm 1s added to wercury; the heststransfer coe
efficient during bolling 1ncrees:a by approximately ten times, vhereas the effect
of adding s/<ium and magnesiun (with traces of titanivm) on heat=transfer variu..

- Witr boiling mercury and a copper heating smurfaeo (as i3 known, copper apd
mercury fom an amalpem) = hoatetrensfar ccefficient twice sa large es that for
tollipg at a chrezo-plated surface is obtained,

With film boiling of liquid metals the heatetronofer ccefficlsnt can be even
lover then the heatetransfer ccefficient for free convecticn without boiling,

As Former fou:;d: in cuollng the identical surface with boiling end nonboiling
moreury, - ~— 240 kcal/mz- br °C was obtaized for the first casey end < —~—
2400 keal/a®* br °C for the seconde The heatetrazsfer soeffiecient for rila bolle
ing of a liquid metal is usually = low that the use of 11quid metal beatetransfer
zedis under there ccuditicns hes no canparative adventags, for exazple, ovar
vater (see Fige 100). Thorefore it ia Deceasary to recure good wetting of the
hesting surfece by a 1iquid metal,

The deta given above was obtaiped after rreloaged teste; it is imposaidle te
confirm that in tie process of prolonzed oparation of heat ¢ cchangers the intene
81ty of beet trausfor dwing Loiling will roein uncbanged,

Heat trapsfer for copdensjpe iiquidassts] vapors, Musselt's vell-kmova
thocretical solutica pesteining to the cese of laminar flov of a condezsate f£ilm
foruing on & vertical plate yields the following expressics for the average hsate

transfer cvefficient over the surfaoe:

¢ Gonfirming the experimentsal resulis of the .Centrsl Scisntifie Researed
Institute for Boilers and Turbines obdtained ia 1937 through 1939 = sditor's note.
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The thecretical formula fur condensatiocn of vapar for a single horizontal

tube (or for several horizontel tubes 1p a vertical bank) takes the following

forms

“““2 D is the muz of the diareters of all the tubes forming the ccndensation

surfacee

i

i

L

S e -

is the condensate mass flow rate per unit width of film, kg/m-br;
is the latent hset of vaporization {condensation), kcal/kg;

i8 the langth cf the platey m}

ias the difference in temperatwes of the waull snd the condensing
Yapore °C-.

function is also shown in Pig. 101, uselng as coordinates the values

i
Lo ey

P r

Fediget

a v RV (68)




Fige 101, Heet trunsfer for condeneation of the vapors of same
1iquid metelse (1) Nuseelt solusicny (2) Sedan solutions

(a) morcury; (b) scdiume

I% 50 %0 e expected that Formulas (67) and (68) are useful for csloulatiag
bheat trepsfer duxiog the cozdensation of liquid metals, since the valwe of the
Prandls oumber dues oot affect the results of the theoretical solutica for
lazipar flov of a ccadensate filam,

An snalytie investigatica was conducted by Seban for heat transfer dwring
ocondensation vith a Prandtl number varyiag from 0 to § for turbuleat film flow
(Pige 101)s It wae found that im this ecase tbe Nusselt mumber for 1iquid mesals
(2r =10 = 20™) san be maller thes tue Musselt ousber givea by the hecEy

NCL=55%
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of the lominas flowe Lxjorimental data on condensation Of MErcury vapors are
aleo thown on Figs 10l. As i3 olear from the figure, the odbzerved heat tranafer
coefficiont 18 significantly less than the calculated one. This 1ifference can
be explainad by the jTeconce of additional thermal resistance cs the ssparatica
surface hotuaan sozdc.05te and wall,

Exporimental dete ou heat transfer during condensation of sodium vapors ars
given in Tuble 21 and in Pige 101. Trzese data refer to nondepsation on the outer
surfaca of a tubs cor.isting of a number 0s sections and made of stainless steel
ard pickel (by sections)s The tube wes placed at a h5° angles to the horizoatsl;
its lergth was 130 rm and diezeter 30 mme Although it wes to he expected that
the harat~-tranefer coefficlent for the inclired surface would be less than the
thoorectical valuo fourd for a vertical surface, the difference betveen theory and

exporirent vas sxtremely great,

TABLE 21
Heat Transfer for Condenrir; Bodium Vapors
(x) (8) (c) (D) (B) 50
-]
Tesjarature C Heat flux Temperature Heat=tranafer Re = —
kcalﬁnz hr difference sceffiocient,
2 °
kecal/m hr ©
(7
Heagtetransfer cosfficient
2 o
accordiag to Nusselt, kcal/m hr C
Tuisune 2!
Tenannr1a4a APN RORACHCIUNS NAPOR HAIPHR
e e+ e me s e e S --..("x)-. .
DT ey T ey oAy o (8) Kosldw-
‘ . 1 I Kodppu AN
Temne- Tenaonok | Tewnepa- nwwent G | jenanoraam
patypa notox, 1 1y pundl enans ke 0 g e
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Fcr rough caloulationa 1t is possidlo tc assume that the values of heste
transfer coefficlents for ccudensing liquid--etul vapars vill aqual 8 to 10X of

the thacretical values,
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CbhnGSIOS PA(PMTIzs CF STHUWTURAL WaT2li Ll L LIQUID MeTALS
(LUERCLIGNYYE SVOYSTVA

Fuae THURT S IO T oRIALLY ¥ 2nlDEGAETALLICHESAIrd SREDAXH)

Cnapter IV

By studying the reacticn of & liquid metal and the solid surface of soms
striciural materiel (also a xzetal as a rule), it can be established that tho
interscolutility of the wetals and tbe forraticn of intencetallic compounds play
a rajuy scie in this orocess., A delipnite role is played by the formation of
chemical compuunds of the oxicde tyre in a system and the penctration of liquid
between the grains of the sclid metal., By enalyzing the equilibrium conditions
for the chemical reacticns accompanying the reaction of a metal with a surface
wached by it, it is possible to ascertain the direction of the process dut not
its rute, which must be determined by experimental means,

When the intersolubility of the lijuid metal and the ;-11 material within
the working temperature range is very low, then, as shown experimentally, it
has little effect on the corrosion resistance of the material,

The formation of intermetalljc compounds is undersirable; in certain cases,

MCL-554,
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hovever, a tiln of the compound pirotects the surface of the material from the
aggrassive actior of the medium,

A te:perature differential in the system affects the solubdbility character-
istics. It often happens thut solubility is very low under isoteermel con-
diticns, since sclubility is asccelerated by the trarsfer of soluter frcm a kot
regicn of the system to & cold region, where these sclutes separete out of the
solution. They settle on the surfaces of tubes and can socaetizes ¢log thea,
The effect of maiscthermal conditions cn the corrcsion rate diffurs for different
meterials. For ciamrle, the rete at which iron dissolves in mercury depends
strongly o» tne difference in the teaperatures of the h0t and cold regions,
while the ruts st wnich ir: bk dissolves im scdiun depunds omly alightly on the
terperature differense, Certa'n fupurities ir a lijuld metal, oxygenm for ex-
ample, accelerate the rute of disscolving.

ADy conponetit of the Laturial may be trunalerred froz one part of s
system to anvther, even when no temperature gialient exists. o the first place,
such tiarsfer cxn res:1t froa the uze of dissiailer wutale 1o differest parts
of the scstem, actually, et us assu e th:t ;a:t of the systea is aude of
matel A une palrt of wetal B, «id that tie .ot3ls & uid 5 are wbie t0 fomm &
chanicsl corpound or a solid scluticu, If -etul A dissvlves Ju the liquid
(evon if only in very szall wncunts), it will be trunsferred By the 1iguid to
tbe surface of zetal B and react vitu tae latter, ln theory, such a treusfer
can contirue indefinitely; in prectice, however, it will gradually deselorete,
since tae layers of tha sclid sclutica (eczpound) jrwvent aetal A from reaching
the surface I zetal B. Jn the ascond pluce, sertain elowsnts are tremsferred
vhen there s ¢ difference in electsic potentisl betwesa the 1iguid aetal end
the vall, Some suthors recoazend using thia affect, called elestrolytie

aiffusion, to reduce corrosion in a liguid-astal =edium,

HOLeSSA.




Tar forcation of chemical compcunds on the surfauce of structural materials

ts chiefl - uie to the presence of lfupurities ip the liquid metal. For exwuisple,
adnixed oxygen ccuses a film or a materjal‘'s own cxide to fosm on the surface,
;rovided tnat this oxide is cheicically mora stable “han the oxide of the liquid
metal. By co.palile tue {ree enersy of reaction for oxidation of metals, it can
ve extabitsced hion particainr oxide will Lcst probably l‘onl.l The oxide fila
on toe surface cf o saterial c.h nave a yositive or negative effect on incressing
corrosion resiutance, dejerdlug OB whetaer it i3 dense and atabdle or ~arous and
unstable,

Sonetines wue corresive effect of & liquid wetal is dimin‘shed by an admix.
ture of s;ectul oubstunces - inhititera. Introducing, for szarple, titanium
or ITicnius inte roroury con elimtnute corrosicn of the steel in & mercury
inpateilation, Tae zechanlad by waieh innidiiurs functizn is unclear. lieverthe.
1833, it s known that waere the presence of oxygen in tie systea inareases
c.zesion, the effeet of the inhioitors im btazed ¢n ticding the cxvgen into oxides
whicr ure iraclyble iu the liguid uula.

ine rala oF ; cavtration o liquia tuivesn ‘riny of the sclid materiaul {u we
C¥einii [ Dvdmaa ¢f cCrresive dependes o0 Lue 2 arc:xition of the material ard the

cenditivn of fte su.face (1400, 185 treetoedt, 28 tho Jistridation of intermal

1me greater tae frex cnergy of forzation of the chealcal compound, the
greuter tre provedility of a formatica readtion,

2, bypothesis of t:e aschaniaa of the action of jnhititors ia sercury hs
bess sel forth by acadsaluies K. T. Jwdtsor (K, T. Judtsvy and ¥, &, Javae:
Effest of a Xercury lest-trunsfor Nadiua on Steel 1a Power Planta, iad. 4N SSER,
1956). Eiitor's oote.
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stresses in the surface layer, etc. A typical example of intergracular penetre-
tior is the int=raction of mercury and a brass surface.

At high liguic-metai flcw rates,especially with the heavy metals vhers the

lov hus consiceruble kinetic energy, ercsion of structural materials hecomes
notizeable. &g yet very little cxperimental data bas been accumulated on this
questivne  Aceviiitg Lo auericud duta the oaxizua permisaible liguid-metal
velocities nia banwb t0 be- 3 n/tec (for bismuth, lezd, and zercury) and~8 m/sec
{fur scdiun and Na-K alloy).

Laberatory tests of the atadility of asterials :n liquid-zmetal wedia are
Usually conduct¥d uncer conditicns sicilar to actual coniitions. The liquid
container iz cade uwithier of the specizen waterial or & waterial which dovs not
interact with tho liyguid. Tbe surfuce of the liquid metal is protected froa
oxi1duticn by @ cuskich of imert gas. Tranelation of tne apeciman relative to the
mclten zetal 18 achieved by free convecticn of the liquid, rotatiem of the
tpecizul ©F 3pecidsd b¢ \der, ur furted 2.1ica of the liquid. Tests of surface
erosicn of the :mutarial under cavitation «re ccnducted at lovered pressures,

In a1l Suv.o bhv deg02 of wuttakility of the surface of the specinen by the
1iquid aetal s ckucked,

Table I contalrs & suuancy of she iaforzaticn o8 ithe currosion resistance
of structural saterials ia liquid metals ot three teaperstures: 300, 600, and
800%¢.

In cospiling the talle of corrcsion rvsistemcs, the following values of the
rete 0f COCro8ion were usea, Lo correvpond to *gocd,® *liaited,® and *poort
atabdility of & materis) ia a mediwm,

Such relatively striod rejuiremsats Jor corrosios resistensce ars sst because
the walls of liquid-stal heat exihangers ere 3ace, as & rule, rether this 80 as

10 obdbtaln the lurgeat po.sible beat-trunsfer cceffisient: .
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Stehility Rate of corrosion, man/yesar

Good Legs than 1
Linited From 1 to 10
Iror Above 10
More dets 1) Information ob the ccirusior resistunce of varicus materials

in ltquid-wetal wudia i3 given below,.

25, Sodiur, Potassiim, and their Alloys
(Table 23)

Metollde muteriuls, Informution on the stability of certain materials im

alkeli metals has .een s cunulated over the muny years in which the alkali xetals
have been produced and uscd. However, this inforzaticn pertained toc the low-
teLperuture rangse, as 8 rulc cnly siigutly exceeding the melting point of the
mctal, Under thece conditions, it was found for example that normal :ild steel
does not suffer under the aceressive effect of mclten scldivn, even ucder very
prolenged wction (lu-ly yrars)e In the ccurse of continucus service of sodiuze
ccoled aviation interral-cczbustion motor valves relatively little corrosion of
beat-resistant alloys (13 to 15% Cr, 13 to 158 Ni, 1.75 to 3T %) was noted for am
alkali metal medium at t 500-550°C. Until liguid zetals became widely uaed as
heat-trunsfcr media, high working temperatures weres encountered orly during the
producticn of Na-K alloys by distilling a sodiun and potassium chloride comgpoudd,
‘In this case, the alkali metals were in contact with types 305 ar 316 stainless

steel at 900°C und gradual carburization of the steel surface vas observed,

Recent citiﬁﬁive lavestigations showed that thore sre many structursl

MCL-556,
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materials suitabdle for use in an alkall metal mediun (see Tatle 23).

The corrcsive effect of sodium, potasziuta, aud their alloys or materials is
airimal as coapared to cther liquid-metal heat-transfer media (L%, Sa, Hg, Sn, Pb,
Bi). rHowever, it incrcases snarply with oo cxrrem sonlent grester than 0,0le
0.02% in the liquid metal, ena whern there ere ~onsiderable temperature differ-
ences in the system,

Laboratory investigations into the stability of various materials in liquid
sodiun® have been conducted by many scientists with broad variations in the
following variables: temperaiure (up to 900°C); duration of experiments (up to
5,000 hours); nuuber of admixtures in the :netal; the size and shape of the test
specimens; the tewperature difference botweenr individuael portions of the system;
metal flow velocity; and cuxpositiun of the test zaterial, In ccrtain inatances,
sub.tances intended to preveant liguid-metal oxidation by chenicelly binding
oxygen (berylliun end cal:ium; wvere speciully added to the flow. nfortunately,
the irnvestigations were ccnducted, as a roele, without sufficiently acsurate
detemiratiun of the oaygen -ontent of the sodiuu, which is atiributable te the
g1fficulty of aanplim: the liquid metal and the methcds of analysis themselves
(see Chapter V1),

The surie:e of carbon steel, as a rule, is decardurized by the action of the
alkeli metals. This oczurrence as noted by all the investigstors who performed
wwetullngraphic analysis of the surfece layer of specimons after the tests. The
intensity of desarburization of low-alloy stesls depends on the smount of

nxygen in the sodium, the teaperature, and the chronium content of the steel. it

* A1 taformatiou given below for acdium pertains to potasciun and Na-X

alloys as well, excepting inatances where specific reference is made.
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TABLE 23 .
3tebility of Struc.ural dsterisls ja a oedium of
Sodiwa, Potausium, or Their Alloya
Furzous metals ®
l. arneco iron Tewperature, %c

e TEETREG T Be i
Ao o

2. Carbon steol Ml S -
S
v F i
3. Gray cast iron 3 .
2 e T
< . [ ~F AN ‘. B
o GnZ nelol (X045 Cr, 1.04 C) ’2;_- -
K =
o ce g o o <2 S1) Y :
~e 3ichrome 33 (v Or, €.5¢ Mo, 1,5% Si) rie T
IO ST vy Y AN
. N i€ . P .
£, 3tcel =95 Cr, 0.5-15 Mo §7 BT T .
‘8
o . . 13z
7. Stainless steels 1{-8 i
12!
€. Stainlels stcel 310 (&34 CF, Ui bij Neo

¢, Ferritic stainless steels (273 Cr)
1C. woithite (2ua ur, 31, vio, Cuj

11, Hich-speed steel {184 o, 4 Cr, 15 V)
12, Invar (3ta Hi)

13, Furnico (=84 .4, 184 Coj

14e aluies 5 (Ni, <o, al, Cu)

15, dudfield's panyancse steel

lo. Nitralloy G (uitrided)

17. Brazing alloy (BOX Fo « 208 P)

1€ Win-el ans nickel alloys
19. Nickel
20. Inccnel (134 Cr, 6.54 Fe)
21. Nichrowe (154 Cr, 25K Fe)
22. Monel (30% Cu)
23+ Hastelloy A, D, €

2l Brazing alloys Ni-Vn, NiMo, Ni.P

CL=554,
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TAELE 23 (cont?)

Stability of Structural Materials in a Medium of

Sodium, Potassiun, or Their Alloys

25+ Gourzer and Coprer allovy
26, Copper (oxysen-free & deoxidized P)
<f« Coppur (electrolytic)
28, Coiprr with 3e (28 Be)
2§. aluninun bronze (5-8% al)
30. Cupronickel & supernickel (20 or 30% Ni)
31, Brass (404 iIn)
324 Wickel aglver (178 2n, 188 iii Teaperature, °C
33. hefructory zetals

€t 1M 2 RN Sy §0r e i P

' ) ) i ' i
N v [y 'r .
3be Fiobum i - R, JHITHE eI |
31 RIS |
35, Molybdenum in SEInoTom 1
yE e 1L LTI
36+ Tantalum By R |
39 S e p—rryror § © }
37. Titanjum 3;:; - ey i
ik S SN AN |
58. Tunzsten 53{’. . N oy
il AL Bk R Sy %
. [0 ‘o
39, Venadium I s ———
g — L :..'.i'.‘€
40. ¢ircontum :;M““u' R TN
Lo N . _"'.""“ ‘3
M. Chooniwm e RIS PP A X

42, Other metaly
43+ Cobalt and higa-gobelt slloys
L4, dluminum 25 and 3S
45+ aluninum 248 and Ses
46, AL-S3 (Butectic 12% S4)
47, Perylliuwm
48, Sv, Bi, C4, Ca, Au, Pb, 3e, g, 8, Sa
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T4iLE 23 (cont’)
<iabllity of Structural Materiels in a Medium of

sediwa, Potaseium, or Their Alloys

Cther Hetals
‘agnesiug
Pt and 54
51, iiormetals (refructorineas
Vpmpnd
duepends cn purity, density, and Tewperature, °C
cxterusl conditions) 0 102 106 30 £ Lu (o 2w oo IO
t ' ] 1 ‘ ' 1 1 1 i
Al U (sapphire or alundum) 33
-~ LY :* 5
HE
BaC {very decse) 3E -
Ry ¢
It o -~
q. ol +.0
Mg0 4 S
« 4 XU IATRSNENAICNES B T VAT %,
Quartz ,/;m ) I . y &
i : LAl wamt 88
P TR Rt :
a ‘i:l’ . R E ot e e el ,:.s
Darkoid R __‘;; £
I3 .
Astestos * Tl SR AMATT YOI . v
A pEp A LA § 4250 T LA . »
e ET 4 b wigead .24 <
31licone Kubbers e S|
Viemrecemt IR B |
Teflon : . . ,....'::_._. :i
:.v'ssyLlTy
‘Higt-density grapuite

a) Good (suitadle for long-tem use)

b) Limited (for short-term use only)

¢) Poor (un;uitablc for use as structursl
material)

d) Unknown (insufficient datas)



rhen alloyed austvnitio steels sre present in the saxe £odium circuit, the
Selailarieelion rate incrzases, resulting, apperently, from the intensive
sbgorrticn cf the transported carbon by certain alloying edditives (chromimm,
niobtiun, tantalum), capable of forwing carbides. The intensity of decarburization
is minimal in stecls of the ferxite clags, alloyed wiin chromium, A 1-2%
chremian content in steel, evidently, is sufficient to reduce decarburization to
& minimum, If the chroamium ccontent 18 lssa than 1%, carburization is noticeable
even with a low content of oxygen in the sodiun (less thsm C.005%). It was
c¢bserved that decarturizetion of carboen stesl procveds more intenssly at 700°C
tuan at 3C0°C. This is due to the lower diffusion rate of carbob in the austen-
ite into which tie steel ferrite is transforted when hested to 800°C,

Cast ircn is unfit fcr use in e scdium mediuxm at high temperatures since ita
surface leyer becowes saturated with liquid xetal, Cast-iron specimens became
buth defonced and enlerged after being in a sodiuzm-potassiun mediun.

Toe stuinless nickel-teced austenitic cteels and allcys (Inconel, etc,) are
quite stable in scdium at tenperatures below 650°C.uhere the temperatures of the
‘ot and cold regions of tue circuit differ by less thar 150°C. Nickel
tegine to wash out of steel and transfer to a relatively cold region at texmpera.
tures above 65c°c. A3 shown by chemical analysis, the crystals deposited in the
¢cld reglou contauin 904 N4 and $% Cr (lie remaindesr is Fe and Mn).

1t the'ox;ée;‘ccnient of the sodiun excceds the saturation limit, destruction
of the stainless-cieel surface due to intergranular penetration of the liquid
motal becomes evident at as low as 35000. 4 brittle layer which breaks up at the
slightest deformation of the surface sppears on the surface, The influence of
the ;ulntive oxygen content of sodium on the corrosion resistance of type 3}7
staipnless steel is illustrated in Fig. 102, Analogeous data on the stability of

Armco irop in a sodiuw circuit made of nickel is showr in Fig. 103.

13L-554,
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The corrosion resistance of austenitic stainless steels is more sensitive
to the oxygen content of the sodiusn than that of ferritic stee's.

Many investigasors noted that austenitic stainless steels are carburized
in an alysline-metal mediua. The carhirication becowes noticeable &t temperatures
dbove 33000. Figure 104 shows & carburized layer on the surface of a type 304
stainless steel specliaen "1027. st a tempernture of 800°C the depth of
zarburization reacned .25 mm in 100 heurs. The sour:e of cartom in the system
wa3 the grapaite crucible used for the liquid wetal. The .carburization can be
attrituted to transpert of carbom from a carbon-steel surface to the stainlesse
stesel surfaee, if both surfeces are washed by the same liquid metal. Anothsr

source of carvon in ths system is the carboo dicxide included as an impurity in

the coapositicn of the protective gas cushion.

. ]
PR s Wty 4w LT e
(2]

Fig. 102. Corrosion rate of type 3,7 stainless steel as a

function of oxygep content of sodiua at ¢ H 5ao°c.
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Figze 1€3, Corrosion rate c¢f Armco iron as a functicn cf oxygen

acntert of scajur at ¢ 2 540°%C.

Scxetires carburizaticn cf the surface can pruve to be beneficial,aince it
increases the hapdress of the metal and §ts resistance to wear, but when stesl

which can uncerge plestic deformution is rcquired, it.is bhamful,

ATy
AR
I5iRg A

- A ’ ']

Fig. 10§, Curdurizatioc of the surface layer of type 3C4 atainless

stesl specinmen.
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Keat-resistant alloys are about as ccrrosion resisvant in a sodiua pedium
as the stainless austenitic steels. Cobalt-buse alloys (S-590 and S-816), as
well as nicxel -baseé (lnconel, Inccnel-X), and pure nickel show no traces of the
effect of sodium up to 550°C. The results of experiments on the stability of

certain sieels aid aeat-Isuicisal ulloys in molten souiws are given im Table 24.

TABLE 2§

Stapility of Zo.e Structural Materials in Liquid Sodium

Tenpers- {zygen Fate of . Test conditions

ture, °c ontent corrosion, 1 (Statse o2
Haterial of Sodi-  ajcrogrea  Dymamie)
un, £ : a® acoth
1ren slo 0.01 200 Dyaaaie
"Curbon stesd T 50 o 160 Stetis
“steel, 1.25: Cred.58 o 500 00l 100 s
“steel, 2,56 Crel% Mo 516 sl 0 D
“Steel, 8 Gred.sk Mo 50 000 160 'y )
“Steel, 6 Crea.58 Mo s owl 100 8
Steel, S4CP05E N0 00 0 1800 s 7
Steel, 38 Cragujs %o 506 08 536 s
Tsteel, TECr0u38 A0 500 G0 160 s
TSteel, 7L CrCStMe 500 04 2000 s
“Steel, 78 Cre0.58 Mo S0 0.5 6000 s
“Stesl, M Cras o C s10 e 200 >
) !
BLSSA,
2A4




TABLE 24 (cont!)

Stability of Some Structural Materials in Liquid Sodium

Tenp-ra- . Oxygen Rate of " Test conditions
‘ i
suterial turs, °C  content corrosion, (Statie or
. i :
of Sodi- migrogram ; Dyramie)

un, % ,_,32 a0nth
X |
Steel, S4 Cr-ld Mo 3%0 .0l G0 otatie
CSteel, Sk Crli o 50 0ad S0 s T
Steel, 9% Creld o 566 6.5 5400 s
steel, ¢. Cral¥ Mo 25 6. 4o s
N Steel, Si Crelf Mo W 0 " 37000 s B
" Steel, 12¢ Cr | 90 o W0 Dymmte
P Tsteel, 128 Cr 500 ol 100 s
‘ TSteel, 12€ Cr 50 0. 790 3
Steel), 13 or 500 0.5 " 5100 s
“ Steel, 12% Cr ns ‘ ‘0.01 ‘ 500 ]
| “Steel, 121 Cr ns o 26000 s
; " 304 (steiniess Steel) 10 Gl 100 'y
T304 . . 500 ‘vl 100 s
Y . 500 0. . s
S . o o " e RIS
T Y . D -
- T , 2 es e . o
-_”‘..7 . . . ’u * .06 . . ) .
K™ I . Tosie | ool T )
. | ' s




TaBLE 24 (cont')

stability of Some Structura) Materiala in Liquid Sodium

Teperae. Oxygen ! Rate of ' Test conditions
Material ture, °¢  content ! corresica, E {Static or

‘of Sodi- aicrosram Dynanie)

;un. b . ca? month ;
347 (Statnless Steel) 506 0.0l 100  Statde
——313'7]- o '- . so¢ ' .0.1 500 ' S
BT T 500 05 500 s
37 . . 648 0l 100 " Dyoamte
Y 2R . s Teu 100 C s i
Y 2 ¢ s o e s
a0 . . a5 eoL 100 s
310 . . ns o5 e s
“Tuconel X 510 0.0 100 D
JR—" ‘ 648 “0.01 100 °
] ineoaol-x ‘ 13 . €01 ‘ 100 s
Iasoned~X 715 0.5 ‘ . S
"a-286 648 0401 100 )
A28 7ng 008 wo s
aib ns 0.5 . s
“17-14 Custo 68 Gl 100 T
17414 Cude ‘s e 10 s 7
Ty e ns  es e g -
18 Creys M N o 100 ‘ s

: | | \

MCL-S58.

19,

- - J

*




TABLE 2 (cont®)

Stability of Sone Structural Materials in Liquid Sodium

Tezpera= ' Cxysen Rate of Test conditivos
Jaterial ture, “¢ content corrosion, (Statie or

of Sodie [aisrogran Dynaaie)

un, * ca® sonth
18 Cr-35 Nt 715 045 . s
-Aolybdonun 715 .0l 100 S
“tolybaenua 75 ey Booo s
“Hastelloy 75 5.0 100 ; s
“Hastelloy ns G . ‘ s
i

e Consideradle specimen veisht incrvase was ovserved.

& sonsidera-le tranafer of vertain eleaents fro3 cue portion 97 the systea
to anather, wapesially Af tLoae pustions are asde of dissiatiar zaterisls, i
frequently observed iu sodjua aireuits. osuch treansfer cau de intenaive even
vaele therv are by tesperaturs differwnies in the s,atema. For instance, it wos
noted (102) thet a leyer of Nidlo alloy (Fig. 105) gradually forms oa the
surfae of & solyddesus specinsa, vhen it i3 acted upoa by liquid sulium i @
nickel container, Dissolving in sodiws and 4iffusion to & solid surface take
piece for duth aickel and solybdenum,since Ni<do also foras o the aurfece of

the container, As & result of the procecs descritec, the surfucse layer of the

KCL-S58




specimen becoues hard and brittle,

another siwilar exanple is tha transport of zlusinum by sodiuwa t1o0 an iroa
surface acsorpanied by foraaticn of the $ntermetallic compound Fe-Al,

Zxperiments have siown that the following substances are unfit for use, due
to their great solubility fo sodie. and potassiua: b, Bi, 2d, Au, Pb, Se, Ag,
Jnesiun bas limitod stability o alkaline wetels and can be used in
sontact ~ith a<K only at low texperatures. Platinum is quickly corroded by
vepors of altali watels but is not noticeably soluble iz 1iguid sodium or

powasadium, Na-K alley does not affect plutinus at roow teuwperature; at 60000.

neWwever, the rute of corrosion is fairly high,

.Nl-'l" : "‘.I

(
!
i

Fige lude folution of Niwdo on the 3surfase of a aoclybdenus specimen
io a sodiua awdium.
1) Miwio; 2) molytdenus speciven; 3) Viekers handoess: 1,250;

§) V.caers hardness: 140,

Tae roaction of .odiwa with sopper is ascospanied by ithe foruation of Ha-0u
oa the surface of the copper. This process Leco.se ncticeadle at § 300°C,
8 copper cspsule 1s filled vith sodiua acd beld for 100 hours at § = 980%, thea
vuea the capaule is cpened it will be ea;ty and its walis will coutain the alloy

ACL-55
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Na-Cu which iz charz-terizai by sreet hardness and brittleness,

Zirconjun does not dissolve noticeably in sojium up te 600%. The rate of
corrosion of zirconiun deperds to e very great degre2 cn .he oxygen content of
the liquid zmetal, since in the Tr-0,-Na systen there takes ;lace selective
oridation of ", ynich has creater affinity for oxygen thun Na has, 4 dark layer
of dioxice (4rCy:) ¢ra‘ually farms on the surface of tha zirzonium, As 3 resuls
of the trunsfer whizh c-curs intensively at teuseratures of about 500°C and up,
tus surfaze layer of tae ..aterial tocomes hard and brittle, Flgurs 166 shows
the increasé {r hurdnoss of the surface layer of a zirconium specimen in a sodiua
w»diun at a temzerature of jCGCC. with - €,01-0.1% oxy.olL ccatained in the
liguid u=tal [55;1. The distance from the surfecs 3nto the specimen is plotted
along tohe abs:insn and the hurdness in hockwell nusbers on the ordinate, With
an cxygen content griuter thak C.(05% im the llasthe rate of oxidation of Zr is
arpriximately constant and ecorresponds to a weight gain equul to--- 00 micrcgran/
2:€ mrath,  Sirsontuz cun be protested frem corresicn by adding to it an oxygebe
arsopbing sutstanse.  Fopr exanple, alloys of zirscrjum and titaniuz have good

stasility iz sodiun,

Fig. 105, Iveresse in surface-layer hardness ¢f a zirsonium specizsn in

* audiua aediun (M, 8 Hockwoll bardne 's)e

MCL-350/




The behavior of hafnium in sodium 4s analogous to that of zirconium,.

The corrosion rate of beryllium in alkali-nmetal media becomes noticeadble
waen the oxygen content of the alkali metals exceeda 0.J1%. The oxide fila
forning on the surface of beryllium pretects the metal from further .destmetion
only in a 2otionlese sodiun medjum, Intrceducing calciunm into sodium in quantie-
tios of about 2% noticeably reduces the rate of corrosion,

noametallic faterials. Crdinary giass at £¢300°%C is not adverssly affected
by sodiua; at higher tempcratures "Pyrex' glass breaks up uickly, whersas
*Vicor® glass is useful up to 4u0°C. The presence of oxygen in the ligquid metal
is very harmful to the corrosion resistance of glasa,.

Darkoid {rubber, inpregrated with a fireproof substance) is used successfully
in contaét with sociwn &t relatively lovw temperatures (100-12000).

Asbestos can be utilized for gland packings operating in a sodiwa medium at
teaperatures up to 150-170°C and pressures up to j-4 gage atuos., at a tempers-
ture of 200°C and higher, bowever, asbestos starts to react with the alkall
aetals.

Cortain silicone rubburs lose thair elasticity as a result of the action of
sodium end potassium.

Teflon (tetrafluorcwthylene) disinte rates coapletely unier the action of
Na, snd bezozes a bluck powder,

Carbides of tungsten, titaniuz, chronjum, and tentalum bound with nickel or
cobalt are not affe:ted by the aggressive action of molten sodiume

The oxides of eluninua, mugnesium, titanjuz, and airconiuz, and otber
sudstances cheaisally stable «ith respsct to sodium bave a relatively porous
structure. Hence, they can absord molten sodiusm and crack vhen sharp variaticns
of tempersture oreur, When the density of the caides is artificlally reiaed by

alluying, they become suitadble for use.

MOL-550 °
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The Sehavior of Graphite in folten Sodium. A stability test of graphite in

motionless sodium showed that the lcss in the weight of graphite specizens rises,
if there 43 a high concentration of potassium in the sodium {0.C1Z and higher)
and sodium sinultanecusly wasnes the surf;ce of the graphite and stainlesa steel.
In *his scse, internsive cerbhurization of the surface laysr of the steel occurs,
Thé Xygew concentiation and teampersture of the liquid metsl also affect the rate
at which the graphite dissolvea,

Certa.n experigental data pertalning to static tests of the stadbility of
graphite specinens in scdium poured into steel and nickel capsules are given in
Tatle 25. During investigations irto the stability of AGOT zraphite the
appearance of s.aill c¢racks on the surface of uhe specinen wus discovered, vhich
was rpot true of the more fine-grajned ~wG and AUF graphites, A cylipdrisal
stainless-gveel capsuls, into which a hollow graphite rod with a longitudinal
giouve on tha side wus tightly fitted, waa w3ed to siudy the behavior of goaphite
i3 a {loving zetal. The griove wus conne:ted vith the interior of the hollow
rod through holes at the top uni bottom of the rod. 3Sodium was poured into the
capsule.und-rod-assendbly, whica was taen heated to 800°C at the botton w.ils the
tezperature at the top was zaintained at LUu®C, resulting in natural circulation
of the metal: upward, through tas senter cf ihe rod, and downwsd, along the
groove. after 432 hours of operation, the side groove turned out to bs completely
¢lozgud up in the cold region by a subsian:e containing 8.5% Na and 91,54 C
with 8 nelting poiut at leust atove 600°. The surfuce of the grepaity ia the
1nweat part of she capsule (in the hot regiun) was destioyed, Consequently, ia
this cuse carbon was treus,orted froa the hot 1eziodn to the cold regica. No
carburization of the steel surfaze of the capsule was observed at temperatures

belovw 550°C.
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TABLE 25

Data of Static Tests of the Stability of Graphite Specimens fn Sodjum

’ I

Grade . Capsule ;Temperature. : iration EChange in i Rezarks
of Tmﬂtetidl ¥ o i;of tost, iapecimon

Graphite : ‘ ' hours :weight. 4

A%0T 347 Steel 750 . 163 9.1 Intensive carburizetion
1 X ‘ cf stoel

AUF ' 347 Steel 750 202 ‘ 50 Idem

AGOT | N 750 216 . No change noted in state
! l of specimen

AGCT 7 Steel 675 423 9.0 Intensive carburization

AGOT 347 Steel 675 648 75 - . Ilden

AGOT 347 Stesl 67 1454 17.5 Iden

AT 347 Steel w00 263 Cel3  Moderate carburization

a7 N4 600 220 0 oee

AUT Y Stul‘ 600 650 1,43 Moderate carburization

AGOT 37 Steel €00 1948 0.2 Na

AGOT ' 347 Steel 525 34 0.07 No sarburization ohserved

AUT . 347 Stesl  §50 166 9.3 - oee

aUF , W? Steel' 450 640 ° No change moted in state
l ; | ' of spectne

AUF . 347 Steed 450 : 228, ’ 0sd9  No effest of sodt:m ca
i : specimen obeerved
| ! | |
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It wau estublished thut at t-4u0-500°C and above, the internal cavities
(pcres) of crupbite imeersed in codium are cospletely filled ty the sodium,. 4
Coepeita rod with one end dipped 1n sodium (£==330°C) 80 ﬂhét’“— 15C om of ita
lutisth was ulove the quuid.‘ bucene completely “satursted® #itu sodius witbin

..... e e o lune of tho internal cavities woounted tc upproxivately 227 of
Coooaxed v . at b T 50U during this peried (56 hcurs) oniy 60z of tha
voline of tune cuvities were filled witk scdium.

Tiite oo .:ibing endursrce tests of graphite under cornditions of sharply

couneipe tenneraturces of a lijuid metel are «vailable in the literature,

ived the seowits of Ttherosl shock® tests conducted with different

B
Tarlae Ju oo

14.id otals, using cyivodrical graephite specizens 20 xn in diaxete:r ard 25 =

luigius The testu coneisted of preheating the specimens to the temperature

spa-ificd in the tubtle nnd ther ~lunging into a relatively scol liquid =zetal,

® The space sbove the level of the liquid was filled with an inert gas

(helivm),
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1 TABLE 26

Test Data for Thermsl Shock c¢f Graphite Specimens

Temperature ‘ i'!‘e.nperaturo Teat Resulta
! !
of preheated ' Liquid 'of metal

specimen !, OC Metal t, oc |

900 Na 150 ;Speci.nen destroyed, surface wetted by
sndium
700 Na 150 Iden
; » 600 Na 1:0 Specimen retained its initial appearance,

surfuce vetted dy sodiua

<500 Sa 200 Specimen retaiasd its initial appearsnce,
! no vetting
| 1500 Ry 360 ldva
| 0 al 1100 .

Tae informuticn given above perteius to the stability of structurel sateri-
als at tezperstures not exceeding 6C0-700°C, as & rule. Teats of certais heat-
resistrut zateriaie ju u sodiua medium in & considerably higher tempereture
range (800-1,500°C) were ccnducted by Reed [133) « The results of his experiseats
sre gived in Table 27. Accordiag to the stadility=test data for a aclybdeawm
wire i» sodius vapor at § 3 1,500°C, sodium causes intergrenular eorrosics,

wvhich can be considered relqtively weak vhea the extremely severe test ecuditicas

. : are takea into acecount. 45 can be sevs from Table 27, the degree of corrosion

HL-55
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of the oxides of wagresiwn, aluninum, end zirconiua 1s determined by the degree

of purity end the porcsity of the specimens.

T«BLE 27

Corrosion of uote Heut-Hesistant Materials in Sodiva

{Under Static Conditiune)

&

daterial Te.xperature . Duration Change in Test Hesults
of scdiaa of test weight of
. % . ars specimen, &
Selybeenun 4c 1.8 €0l Nc corrosion chaervea
(99.9% jure) o T
150w 100 - Julergispular sorrosioa
at ¢ d2pth of 0.025
Tunzsten
(99.98 pure) YU 168 froa Yot affected by
Cu0? corrosion
t0 °.°l
Tantalum ) 168 troa Lot affested by corrosion,
(99.9% pure) €09 specimen surface sometinmes
t0o C.0l becones darker
Esnoanetal- 900 168 frea
(k1304 )-808 T8, 0.67 Yiry Mit)e sorrveion
154 Co, 5% (o toe 0.0
Tel)
LN g
-
L UN -
/a2

o




TABLE 27 (cont')

Corrcsion of Some Hvat-Fesistant Materials i+ Sodiua

\Under Static Conditions)

!
+
taierial Tesperature

i
< 1

Durstion GCbange in ! Teat Results

of scdiun of teat weight of

t.% T, urs specimen, X
aed grs;hite wWo 168 6.0 Corrodes
]
{
§ 900 8ul 60,0 Corrodes bhighly
} Mcuserystal of
910 168 i.0 lasignificant corrcsiod
siliecd cerbide
Jsnthetic dpined $2d 108 0.0 D1-sclves coxpletely ‘
1a scdium ;
*crganite?
ejusinum calue, 40 168 - High currosion, disiate.
62 porostry gretes 10to sasll black
ereine
aluainua oRide lnsi pificony cofTosion,
(syathetie 9c0 168 1.0 _wmaterisl rvaaime
' : i .
sapphire) ' _Sredspasent
Moguesiva onide. s : "Materia) besonss blacker
N0 168 . ¥ | ]
122 porvesty  ° _‘ "l ovells
= 1
]
LS5 .
14 i




TABLE 27 (oont')

Corresion of Soume Heat-Resistaut Materisls in Sodium

] (Under Static Cenditions)
) | [
saterial Tempurature; Uuration: Ch:nge in !
of wedfua  of test  w2igat of : Test Resulcs
T, °%c ! T, hrs ' speciznen, Zf

Magnesiua oxide

525 168 0.02 Doas not corrode
(single erystal) '
Zirconiym oxide,
690 168 3.7 Corrodes, specisens
235 porssity
disictegrated
Holybvderzn
disilicide %00 163 - Very little corroaicn
{ (cast;
, ——
i Thoriwn oxide 925 168 8.06 hot wi{fected by
! . ‘
Q corrosica
&, ’ . ‘
MOL-5S4 .
‘e ‘/
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20, Lithiug
(Table 28).

Litoiua balongs to the alkali metals; however, in its chenical properties it
i3 closer to the alkall-sarth elemvnts, This explains why Li behaves zore
azgressively with respact tc structural materisls than do sodium or potassiwa,
adzictures in the liquid metal bave a definite effect on the stability of materials
with respect to lithiws. <o far, there is not eno.h experizontal data to permit
juantitative evaluaticn of this effect,

Lithiwa astride (Lx3::',. wuich 1oras when nitroged reects with either the
sclid or molten wetal, is extrezely aggrossive with respect to structursl zate-
clels, No matorial Ras toen Jcund (of the zutals or cermnics) shich is capable
of autteenfrlly resistiag surrnsicn io & medius uf zolten lithiua nitride,

Cxygen 13 more likely te be fourd in lithiun a» the Lydroxide {LiOH) than as
“he calde itself (Li,0),since it i3 kacwn thut atoos; beric aoisture prevents
oxidaticn of lithiuan. Like !.13::. welten lithius hydroxide i3 egoressive with
re3ze:t %0 strustural zaterinls. hen hested to ‘55°c LiGH decoanosed, foralng

iithiun oxfde, LiTH ard LI,V resit wita the <a)ority of metal oxides,

ML-554
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TABLE 28

Stadiidty of Structural isterials im a Lithius Mediun

Teaperature, °C

a) rarrous petals
b) Pure iron
-carbon stesl o ?
¢) Low-carbon stee :zl-.-“.....-ﬁ........m
d} Low-chrousivs steal Ll30) e R INSHT T scoton
b4
) Forritic chrasiuz stainless steel AT e e
_ e T e
f, ~ustenitisc chrone-nickel 2tainless steel O Il T mm
Y o v - ]
RSNl sse 11 1 SOOI DY
8} a1, 84, Cd, PY, Mg, Pt, au, Ag, st, Sa, 28 r.
S e a
1) RBerylliua, chrattun, varediua S T T s
B NIt
i o T e
} <irconiun, titanium Cebeaal LI T LT
: ' ~ QO Sy < =Ty
&) Ntodiua, tantaluw, molyodenus Stability
1) Rickel ang cickel-base alloys
= o0d toz3 imited
a) CudalicLase elloya
qiy- Peor . Uoknown
ni Noggeteln
o) Juarts
§) Olase and silicates
a) Srapatte
£) Pubber and plastics
o) Mgd
HL-554
157
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Adwixtures of chlorins are presant in lithium both in the free fora and
lithiun chloride (LiCl),+hich heavily corrodes iron and copper swuafluces.

Lithium hydride {as formud wher water vapor or hydroger reacts with the
liquid metal; ut high texreratures it re=cts with metals and ceramic materials.

Liguid lithiun alsc reasts strongly with zet:l carbides.

Some icpurities (the oxide, aydroxide, nitride, and hyiride) ran de removed
from the 301ten wotul by filtration, It was noted that a stainleas steel screen
used to filter the im;usitier gradually disintegratcda; destruction was caused
shieily by nickel wushing froz the steel,

The stainless chroze-nickel steels cin de used at >;5c°c . 8ly where theve
are little oxygen and nitrogen in tae liquid metal and the teapersture differences
in tze systes ure suall. Cerrosion of stajnless steel in & lithiua sedium e
accozranied by streag intergrenuler pepetrsiion by the liguid astel. Fig. 107
showe pen:tra’ion 'f lithiun sll the vay tarough the wall uf a typs 316 steinless.
steel tube 102 . The »all is 0,9 m thick; & s2all Guentity of nitride (0.1%)
Lal Yeen added to the litilum h-rcx;uund. Under the saae conditions but with oo
itrice ip the ligQuid zetal, the Jdepth of intersrenular penvtiration ascinted to

oaly 0.05 ma.

Figs 107. Iatergresular peastretion of lithium iato sthe wall of a stajalese-
steel tude held at § & BNC for about 1CO hours.




Fig. 18, lithiuu washirg Rickel from type 304 stainleas steel.

l- Vescel of type 304 stainless steel; 2+ ircn vessel,

A picture of lithiu:z seclectively weshing nickel froa tyre 304 austenitie
stainless ytvel §s snown ip Fig, 108 71(2]. The tszpereture of the lithium wes
1,000%, the test lasted for 400 Eours, The figure shues the transforzation of
oustenitic steel into ferrite (io tae surface leyer, caused by the washing out
¢l nickel,

The rate of corrcsion of stainless ateel i3 especially bigh when the vessel
tclding the liquid aetal contains & zonsideratle quantity of frea. In this case
the njcke) wepled uut & tus stewl diffuses through the lithius to the surfece
eof the iroe,

lovecarden type 316 stainless steel er type 347 atcel la reccmaenced for
uge as structursl =ateriel for equipasnt which aust cperute ia & lithiium sedim
at temperstures to 700°%C. Type JIC stainlers ateel cun de useu 1 the 700 to
1,000 seapersture renge. Molybdenus, tungaten, niobium, tentalum, and Arweoe
iron bave satiafactory corrcsion resistance in lithium ot temperetures wp teo
800%.

™ corrosion resistance of Monel zetal (688 Ni; 1,258 Ma; 1.08 Fe; 0.058 84,
the remainder Cu) in o 3ediun of 1iquid 11thium fa very lov; at 3000 Ls .




disuolves up to lb{ of the Monel metal,
At a tsuperuture of ubuut 1.ooo°c. terylliua quickly disintegrates in a
21tniun wediun. The corrosion rate of Be at §'~5FO° $s ~1,600 micrograa/ca® *

mon*™ .

It na. voen noted that at 5'\1.occ°c tungsten di.integrates in moiter
1i1tnidn 4o an ~meco-iron vessel,

«n2n litores rescts with zircomiua, e dull fila of zireconium nitride (ZIN)
forws su the wircorniun surface; this 4s due, 9~§dcn}1y. to the prosence of
aitrogen (in tneé form of'LiBQ) in the litatum,

Tae tollowing mutals cunnot be recoamended for use in view of their poor
cvorosion resistuare in litbhiunm: al, Ba, Bi, Ca, Cd, Au, Pb, Mg, Pt, Si, 4g,
sr, Tl, 3n, <n, Cu, Ri, und the Li-vase alloys.

Quartz has sati:factory stability c¢oly it w lithiun medjum free of the oxide
end nitrice, and tien only at teaperatures to~ 280°C. Lithiun silicide (L£6512)
ferms st nigher tezperutures, IZ2 standard tecnnically-pure zotal is melted in e
guartz vecsel, its walls almost lanediately disintegrate, Siandard glass is also
unfit for use in & lithius mediua,

~ost cerumic materials ere :orroded by lithium; we reconzend melting litkiua

in steel or irom crucibles.

Yolten L3 penetrctes to the inner pores of mugnesiua oxide but does not

cause corrosive disintegration.

27. Gallium

(Table 29)

Gallium is the most dangerous of all the liquid metals oxerined, froa the

standpoint of its corrovive effect on msteriala. Only fev materials (fireproof

wledh,
- - ‘ /42
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axiden, quarts, srephiite, tungaten, and tantalum) have sutinrfactory atability in
Ga at high teaperatures.

The mechanisa of the interuction of Ge witn structursl muterials is deter-
mined by w nusber of conditicne, tho temperature level being the most important.
For eaasple, at leapsrutures up to 000°C tus currosion rate of tnntalum is
deteruiued caseflly by the dissouiving intensity of tue sulid muteriadl, whereas at
eCu°c tho aiffusicn of oullius icto the surtace layer of Ta bLegins tu predoaninate,
voeo. panied bty the formaticn of a chemicul cozpound. olewcnts with similar
cavalcal proepesrties often benave differuntly in a gullium z2dijum, For example,
=olybdeaun reacts with Gu to form several products, including one in solid
3tlaticne at tue saze tize, tungsten, <huse chemical cowmpounds are isoxorphic
sita solybdenua cozjuunds, does rot resct with galliwa up to €u0°c. Gallium
<ab @0t Zugnesiua oxide but dces not wet the oxides of beryllium or sluminum.
The coxides «f g, Be, al, ond the majority of ceramic substunces are suticfacto-
rily stuble in & mediua of liquid Ga. aluninum disintegrates guickly in a
cellium zediux even if its surface is arodized.

Toe duta shewn i1n Table 239 refer mestly to tests on materials in motionless
or nearly motiocnless galliua, let us consider some of these data in more detail,

at t - 603°C and higher, carcaiux dicintegrutea in the presence of liquid
colliun; it is alao known tnat these .cetals are not intersolu'y and that cnemical
caarounds dc noct fora between them, Heuce, Cr can be expectea to be stable
envien in galliym at temperatures btelow 600°C. Gallium reacting with titanium
forms the chemical compound GaBTi. Such elements as Cu, Pt, Zr, Ni, V, Ma, 4Ag,
au, Ce, Pr, Cd, Fe, Ge, Sn, and In are evidently not suitable for practical use;
they form solid sol;tiona with gallium, However, there are data in the litera.

ture to the effect that Cu, Pt, and Zr are not affected by corrosion in & pallium

medium at temperatures of about 1co°c.
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TAiBLE 29

Corrosion Resistance of Structural Materjals in e iMediwn cf Gailium

a) Yerrcus m-tals
b) a0=8 Steirless steel

¢) Stainless steel, 104 Cr
Tezperature, °C
u) Tova e‘.'cl (I. C:‘, .‘L‘. \l) P Pa SN TV SR VAR ¥ SHN 7] -m
D I te A }
H LT

ig -
kL
e) Iron R
y
]

[

f) Nonferrous ratals

.

&) Turngsten

L) Tantalum

1) Alley, 938 Ta, 7% ¥

)} Niobiua R AT
. X ROR £ 4 |
e HAd Lo wtre oot dndubal

above melting point

k) Nolybdeaua '
1) Titenim
w) Lead -
* L]
n) Corcalue Stadilivy: ]
o) Manganese
@R - Good
’) uxo,. 5“ Cr. 5‘4‘ n
£+ Poor
q) Litckel
=2 Uoknowa
v) alloy, BOA i, 20 ¥ : 4
») Lircoaivm z) Ag, Ca, C4, Go, 5a, 2a
t) Magoestum v) Mopgetals %) 0y
u) Coppar 3) Quana 44) Pyrex glase
v) Platima sa) 3intered Bed o0} Statersd Ngd
v) Aluninm %) Orephite ££) Madber

b 2 ELTTY




The solubility of tantalum ip galliuw amounts to 0.14% at 500°c and 4.2% at
600°C, A tsntalum-tungsten alloy ($3% Te, 7% W) bus scmewhat higher corrosion
resistance than pure tantalum.

Crucibles made of beryllium oxide are not affecied by the ageressive action

of gallium up tc temperaturss cn the order of 1.6oo°c (for brief service) and

r
<
o

CCC {fur extendet service), Special investigations have verified the good
staxitity of Bel up to 1.000°G.
Holte; silicon ¢xide has good stubility inm gallium at temperatures to
~~ ;.2oc°c; the resistance drcps in the presence of ociygen.
Alundum crucjbles are pnot ot all affected by gallium at ¢ = x.ooo°c.
Zirccnjur oxide iz wettes by alliuz at high texperatures, and the liquid
zetal penetrates deep into the sclid materisl,
Plastics arnd rubter shov natisfactery stability in a gallium medium wp to

theip tesrerutures of thernsl dissoclutica.

<8, Nercury
(Table 30)

Cartcp sivels and allsy steels. lxtensive jnvestigaticns of the corrosive
effect of mercury cn structural zateriala vere conducted wvith respect to the use
of inditect (zercury-water) installetions im juwer engineering.

Carbon ateels and alicy steels ars out affested dy corrosion when driefly
subjected to the actica of morvury. However, prolonyed tests of lerge plasts
ssoved that a residue of crystellized iron and its oxide greduslly Wilds wp o8
the inside wells of cardoa atesl tudes ia the relatively eold sectors of the
wysta,

ladorstory tests co tle stadility of aaterials vere conduetad, oo & rule,

with satursl ocavectica of the iiquid at temperstures us to 800°C aad relasivedy

KCL-554
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low wetal flowv rates (0,01-0,05 m/sec). The corrosion 1ate was deterained as a
function of: the chemical composition of the material, additives to the mercury, '
duration of the experixzent, and temperature., It turned out tha’ low-alloy steels,
suck as tho steel with 5% Cr, C.5% Mo, ard 18 Si, are more stadle im mereuxy

thap cailuia 5vécise wcioreover, addiug certain wieaenty, in purticuler titanium

and zagnesium, to the meuoury snarply reduced the rate of corrosion., Further-
more, it seews thet when the mercury moves, oven et szall velocities, and
differences exist im the systexm, althougi sawsll, the corrosion of steel increases
noticeably,

The major factor in the xechanism of interaction of zercury with a ateel o
surface is apparently the aissolution of iron, which takes place at a rate detere
J4ined by the vulue of the ¢iffurion coefticient for iron im mercury. Inasmuch as
the concentretion of iron in the lercury luyer adjacent to the surface reaches
suturation very quickly, the rate cf the process ws s vhole is deteruined by the
Tate at which the disaclved dron particles sre diverted into the vulume of the
1iquic aetul. Tnis ssturetica joint very zuch depends con texperaturs, anounting
to 1.5'l0"3 at 25°C ard '.‘.6'2&’51 at 760%C. as showvm by experiaent, for 100°C
tezpe1ature ihsivasas atove 5cc°c. the orrosics rate of cer:rn gtesl in mercury
increases roughly fiveefcld, Tor exaaple, ot 5co°c the corrcaica rets was found
to equel § za/yeas, while at 800°C 1t 1a 580 wa/yesr,

Toe iafluenze of the cumposition of steels ca thair corrceica resistance
in mereury is fllustreted ia Tuble 31, 4s the table shovs, carboa steels have
2008 5tability i floving mereury at teaperatures below A00°C, liaited stadility
wp 10 5500, ana poor stebility et higher temperatures. The satisorroeion
properties of carton steel improve vicn the following eleasute are sdded: Or, 84,
T4, Mo; iatroducing alumimm 180 the steel 4008 2O pruduce a pusitive effeet,
Good stesl stability can de sehievad up 10 Seaperstures of the order of 600°C by

NCL-550




o eam

successfully coxbining alloying elements, especially chromium, silicon, and

aolybdenum.

TABLE 30

Statility cf Structural Muterisla in a Mercury Medium

a) Feyrrcus zetals and ircn-case alloys

b) Ferrous metals (71 and Mg in Hg)

¢) Lov-carbon stsel

d; low-carborn steei with C,1.-% Al

e) Low-curdon ateel with 4% Cr

f) Steel with 53 Cr

g) lowe-carben steel with 0,58 Mo

h) low-curbon steel with <¢CS Mo

1) Luvecarbon steel witb 1-35 Si

J, Wescureh stvel witn leda TQ

&; iovwezarvon steel with &4 al
and ¢4 Cr

1) Kitralloy (2.23% Al, 1.39% Cr)

a) lLovecarbon stesl with 5.7% Cr
and 1,28 Cu

a) low-carbon steel with §.5% Or
and 452 Ko

o) lew-carboa stee! with S.7X Or,
128

p) Lov-cardon steel with 15-208 Mo
and 3 3%

NCL-S54
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TABLF 30 (cont')

Statility of Structure)l taterials in a Mercury Medium

q) low-carbcn steel with 0% Cr,

it Ak, urd 38 S
r) 3icrezo 53 {5~ Cs. CoYa Mo, 1.5% S1)
s) Low-carbo~ steel with 5.55 Cr,

Jeae v, and 1.5£ 31
t) 3¢5 &nd 310 Stainless atcels (CriNi)
u; iigh-pickel stecls Ni-Fe ard Hi-Cr-ie
v) Ferritic stainless steels (Cr)

w#) Nepferrous metals

x) Tungsten

¥) Holybdenum

z) Chrozium

aa) beryllium

bt) Ta, ¥b, 34, ¥4, ¥

cc) Ni, Cu, and their alloys
dd) Ccbait und stellite

ee) Pt, Mn, 2r

f£) Al, Bi, Cd, Ce, Au, Pb, Mg, ig, Sn, 20

ag) ronnetals
hh) Glass
11) Ceramics

33) Grephite
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4 0.,2~C.4% ¢hronjum content vecuces the corrosion rute of the st.sl by
arout six times, adding 4% Cr ia wuch less effective, due to the formstion of
4 chrumium-oxide filn on the zu.face of the material; this Jilm is very thick
apd &S B result does not adhers sufficiently well. The corrosion rate of stesl
containir,: 5% Cr 4o only half the corrosion rate ol carbon steel.

aaall (uantities ¢f molybdenum { ~ C.5a) dc not Liprove the anticorrosios
jroperties of stee),while wadifyg 304 Mo decreuves tne rute of corrosion at 650‘0
te & negiigitly saall value,

Silicen added to stesl in guantities «f 1-3% reduces tue corrosion rate by
spproxlcately 9Us et 640,

Steel cobt.aining 1-2+ tituniuz s 4-5 tizes 2ore stable thun carbon steel.

Nitawlicy (1430 ad; Log%a Gr) noa tne best anticorrcaion properties ol
the steelx with ehruuius wht alu.inun. Il corrosion rite in floviag ssroury as
t: 630%C 32 4 =J/yser, wbich 1s abeut \Cs of the corrosion rate of carbon steel
uréer the ..ie ecnditicea. The aclutility of nitralley ia xereury 1s about tbe
Sare ea Lhe solusility of pure iros,

Stegl cemtalrina Lol Tp, €0 Ge0005% Sy an? 1027 ;‘1. whei L84d i the
vpramiioh of mepeury-vapcr ttllers proved to Bu atoul 33 Li3£2 w0fe atadle thad
Wikt #tekle THO Bighezhinue Tesiitiz stecls 230<ed Jtcd stubality ia 2ticaless
224y ot ;,.»c-ac; 00 e3t8 ir = wviug wdius wele Wwde, 13 showa by experi.
aent, &t high tesperstures iy 630°C) 1he antizarrosion propertise of ¢ :remse
piskel austenitic ateels are unsatisfuciory 18 moving aer-ury. Xiske)-bese

slloys diaplayed guod 3tability in aotioniess sereury ot S80°C,
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TABLE 31

Stubility of ctesls of Vurious Compositions ic Flowing Mercury

Duration cf Maxjauxm Rate of corrosionm
“aterial N
tist, hra Te=perature
ajcrogram
in gystean, —_— an/year
% ¢alenonth
Carhon steel (mild) icooo 432 7000 'Y
10000 538 15000 9
0.28 € 10060 593 37000 x
S, 10000 . 639 8800 N
Steel, sluainua alloyed
Gol¥ Al 182 628 28.00C A7
.28 Al 48 659 18,000 1n
0.4% al 257 35 64,000 A0
12 al b3 620 32,000 »
s el 113 )0 69,000 [} ]
;ii: s ‘;9 &50 ? .m ‘
;mv-. o!»“l
¢.2¢ Cr A 650 15,98 [
0.5% Cr 1% 13 7,000 \
At cr 198 623 9,000 n |
s or 10,000 \% 3,000 2 l
Aclyodenun stesl
0,58 "o 16 (7] 86,000 5
208 Mo Y &0 500 0.3
“L-558,
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S TABLE 31 (comt')

T Stability of Steels of Various Compositions iz Flowing Hersury
; Duration of Maxinum te of Corrosion
Mater:al —
tegt, hrs temgoruturs
aicrogram
in systea, om/year
% c'nz"nonth

Silicon steul

12 &4 67 040 7.000 4
24 s 167 640 11,0C0 7

3% 51 67 640 7,000 4

Steel, titaniuz alloyed

1A T4 323 620 5,000 6
1E T 329 675 39,000 24
’ 28 T4 329 625 7,000 y
e ™ 329 640 15,200 9
Steel, alloyed with
aluainun and chrocium
0.1% Al; 0,1% Cr 136 625 : 46,000 29
i 0.55 Al; 0,58 Cr 137 636 37,000 23
2% al; 28 Cr 48 620 44,000 27
2% al; 2% ¢z 2 650 13,000 8
Nitralloy (not nitrided)
1.23% Al; 1.49% Cr 165 650 7,000 I\
2 615 6,000 'Y
MCL-558,
1
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Stahility of Steels of Various Coupositions in Flowing Mercury

TABLE 31 (cont')}

Material ?)urauon of Maximum Rate of Corrosion
test, hrs temperature
-nlcx;ogm
in system, ma/year
e cm?*month
Sveel, alloyed with
caroaiun and copper
5.74Cr; 1,28 Cu 161 670 8,000 S
Steel, alloyed with
chroniun and molybdenum
0.54 Cr; 0454 o 140 650 6,000 [
4455 Cr; 4e5X o 140 640 6,000 4
Ba%a Cr; 0,58 Mo 161 670 86,000 53
Steel, alloyed with
saruules end tungsten
5.7 Cr; 12X W 100 600 26,000 16
Steel, alloyed with
melyblerwn and sllicon
158 Mo; 3% S§ 89 655 1,000 0.6
0% Ho; 3% S1 L 655 500 0.3




TABLE 31 (cont')

Stability of Steels of Various Coapositions in Flowing Mercury

Duration of Ysxioun Rate of corrosion
Muaterial

test, hrs tenperature
aicrogrea
in system,

——————

°c cmzomonth

Stesl, 1lloyed with
shroziun, solybienunm,
4nd silicon

4495 CP; 0,55 Mo;

1.23% St

Silerowe SS
4 to 6a Cr; 0.45 to

Geb5% vo; 1-2% S8

Stecl
Se2k Cr; 60'-‘3 Mo;

1.4% 88

Steel, alloyed with

alunigun, chroajum,

aolyoienua, silicon

C.B8% al; 5% Cr: 0,5% Mo
0.5% S§

450 650

T TRt e e e————— i — vty . <=

Type 304 Stairless ateel
18% Cr; 8% Ni 450 652

MOL-554y




TABLE 31 (cont')

Stability of Steels of Various Jogpositions in Flowing Mercury

Material Duration of Max ioum Rate of corrosiocr
test, hrs texperature
zicrozram
{n systea, we/year
S ca®enonth

Type 31C Stairnless ateel

25% Cr; 20X N1 400-500 650 77,700 47

"

aemirks: A :minus sign denctes 10ss in weight of specimen,

The influence of additives to He on the qorrasion rate of carbdon stesl is
illustruted ie Table 32, The buut adzitisve from the stendpoint of reducing

corresicd §s titeniua, The presence of C.Cil: T§ in asrcury reduces the rate of

corrosion (at 650°C) to a negligidly smali value; at & tewpersture of 455°C a
sizilar effect 1a prodused by udding 0.,00013 Ti; <r, Cr, Ni, and Al can also
serve us inajbitors (decelerators) of corrcsinn, but nore of these elaments
should be introduced into the liquid xetal in the case of titgniun, adding Cu,
Pb, und sn increuses the agzressive effect of mercury on cardod steel,

Certain other audbstances are freyuently introduced into mercury in sdditioa
to corrosion inmhibitors, This has two purpoaes: 1) reduction of oxidation of
the steul surface, which also tends to improve vettuoility and thus improves the

neat-transfer conditions; 2) removal of the free oxygen, nujtrogen, and waiter




vapor from the mercury, increasing the effectiveness of the main inhiditor,.

Consejuently, these additives should have greater chemical affinity for oxygen

and nitrogens than the inhibiting substance (nost often titanjum) and the

raterjal of the surface (mostly iron). The most asuitable elaments for these

purposes are magnesium and calciun; Mz 1s preferred bacause of its batter availa-

bility and {ts better solubility in Hg. The aidition of 0.C02X Mg leada to

conplete adsorption of tue free oxygen in aer:ury.

TABLE 32

Influcnze of ndditives to Jarcury on tie Corrosion Fate of Carbdou Steel

Texperature, °C

Element aided Duration
(a) of teat, hrs (o)
(v)
(a) (v) (e)
thh‘n‘ i
added, (R I AT O b o
the seme Tu av L
! W Froa 40 :‘
!".O(Eu to l75 (XM
vy P (A
O NI
1% N "o
none AL ! oW
i 005 r v
% N ) (1]
u(.uull'; ‘h ‘ Or (9 ga M ’ 4
(RLIIE)
ey g (TROR 100 S
vy & 180 2,000 ey
]
»
»‘L 55" > .’
e

Corrosion rate

zu/year
oa~*aonth
(@) (o)
(a) (o)
w ) ¢
L XYY T I 83
(L1 86
F2van . 2%
R T ”m
RN m
POAALTY 13
o ay) 9
(]} (LK}
4
] i o .
L 11 <)
e <03
RN ] <03
<300 <03
< 30 <03
' [0 [T
b

Ad
>

w




Alkali metals can be used to some extent to improve the ability of mercury
to vet steel. For example, in aercury-vepor plant service, sodius and iron
form the compound Kap0+Fe,C. which is insoluble in mercury and settles in the
tubes of the ssstem, possibl, clogging them.

Othar aetals and alloys. Very little information hus been accumulated on
the stability of nonferruus wetals aud alloys in & flowin: mercury zedium, The
only zaterials whcse auticorrosior propertiss nave been thoroughly exaanined are
aslybienum, tungsten, and atellite.

It bus been estudlished that the fullueing motals are fully acceptabdle in
tho zapufacture of equipamvat Jor mercury-vapor installatioms: W, Mo, Cr, amd
Bus, 1t can be azcused that Ta, 51, «nd T{ also bave satisfactory anticorrosion
pivperties. Thae folloesing m2tuls and &lluye have limited stebility eith respect
to mercury: Ni, liccnel, unel wetal, Cu, Cu-dase alloys, Co, stellite, Pt, Ma,
and &r. Cectain wetels dissolve «ell §n zoercury: al, Bi, GCd, Ca, au, Pb, Mg,
hgy o0, and Tn, alloys :ontuining apprecisble quuntities of these slemonts
should not bs used in conta3lt with Zercury.

Lonnelaldl wedesfalye  Evicently, cuinzic muterisls sre suitadle for use
ip & warcury uediun. Onrdon Joes not discclve ia Hg, at least up to 3§0°0; hence,

graphite cun be expasted %o be fuirly stabdle in a 2ercury asdiua,

29, Lead, Bismutn, Tin, snd Their aAlloys

Po, bi, and Sb ure alike §n the wagnituue of their sorrosive effect on
structural materiala (Toble 33).

Jaads Ceitaia Sapurities of liquid lead, primarily oxygen, antimouny,
arsenic, tin, and zins3, excrt a bamful effect ob the stubilisy of iron and
steels in a lesa nediun, There is still little data accusulated which would

pernit a quantitative cvaluntion of thia effect; this is due first of all to the

MGL~554
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to the difficulty of conducting an accurats analysis of the oxygen conteat of

I“do

Figs 109, Precipitation of iron crystals in a flow of lesd in &

cold portion of the circuite.

The stainless steels in the 4t:0 series, astenderd carbob stesl, zolybdeaum,
aud rickel zave sutisfactory corrosiot resistuace io a a0ticnless lesd medium ot
tesperatures to Sug%C, The atalaless steels 3o the 3G series have ¢ nsidersbly
lower anticorrasion properties.

4 jaurto-lube circulstion cireuit vas used st the Cak Ridqe Naticmal
l.ooratesy of tas Vua [iue® to study the trensport of stiueturel saterdals by
flowing lesd, PFepluceable apeciaen tubes, such <50 ma long,vere installed in the
hoi and 18 ocld portions of tha cirsuit, During testing of iroa-chrome-alloy
specinens, iron erystals vere found to presipitate is the cold area, Some of
the orystals ssttled on the aurfuce of a specimen tude and soae circulated 1
the le=d flow. Figure 109 shows a cross seation of the tube, together with the

solidified lesd am corystals of iros ia ite mass.

MOL-554
177




TABLE 353

Stability of Structural Materials in Lead,

Bianuth, and alluys of Lead, bismuth, und Tin

a} _Ferrvus xetala

b, Curbon ;teol '

¢) Iron

d) low-ckrcze steel
(2-9% Cr)

e) figh-chrome steel

L) 347 Stainless stoel
(185 Cr, 8% Ni, Kb}

&) Gray cast iron

h) 15.8 Sreinless stoel

1) tonferrous meta

J3) Tantaluz und niobium

%, Zircoziua

1) BPerylliua

m) Chromium

n) Titanium

o) Aluminua

p) Inconel (133 Cr, 6.5% Fs)

q) Hastelloy C

r) Manganese

s} Copper

t) Nickel

YCL-554,
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TABLE 33 (ocn$?)

Stedbility of Structural Materials 10 Lead,

Bismuth, wrd alloys of Lead, Bisouth, and Tin

ce) Eerrcug zetala

dd) High-chrome
stainlcas ateel
{27% cr)

ee) Irea

£f) Carben stewl

8} Stainless steel
(Cr-&4)

ht, Neaferrous aetals

11) Molybdenun

<J) Chrcaiun

kk) Berylliue

1, Ricbiua

m) alunizum

aa) Copper

00) Mickel

PP) Murgshese

Q) Platimm

™) Nommetaly

88) Orephite

tt) Vieor
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TABLE 33 (cont')

Statility of Structural Materials ip lead,

Biszuth, and illoys of Lead, Bismuth, aud Tin

uu) Nonferrcus metalyp

+7) Irca
Zutectic alloy of lead with dlsamtd
ve! lighechrome steel

xx; 310 Steinless steel

2 .
(25% cr, 204 B1) -y
RN X

-8
-

s €
- €

1

¥Y) Chreme-svlybaenus steel

Ceei,

."’;" ' B e e i
IR TR . EEb
i nb Sathd, JL '

ToE mu :m:‘mmblmlm

i2) Curbon steel

.

. F.n1 r-wn'-n

ta) 1.8 Statnless steel

‘e e L
.-

P
e

"a..

bb} Steel (los Cr, 307 Mi)

be) Nonferrous actely S —
*4) Rerylliua -

te, Alunipum

A\l Rotellvy &, 8, €

b¢) aluninus Brease {10 al)
%b; laccael (135 Cr, 6,55 Ne)
b1) Copper. breas, Monel metal
b)) Hiekel and sanganese

ve) Nomaetaly

bl) Pyrex glana
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TABLE 33 (cont')

Stebility of Structurul Materijala inp Lez2d,

Bismuth, and alloys of Lead, Bismuth, and Tin

btam) Ferrous metals
bn) lrcn and carbon ateel
bo) Cray cast iron

bp) 18-8 Stainless steel

bq) Nonferrous metals Sutectic alloy of lead with bdiszuth
br) Tungsten aad tia
bs) Barylliuva au
Tt EmpemnTe———gpIE T
bt) Zirconjua o A dmoo Wi
bu; Titedium - -
B g JI,‘TI-I'!L
bv) alusious . A el T
] . em e~
tw} Nonmetals

vx) Pyrex glass

1« Goot (suitable for satended service)
. m 2« Liaited (used only for brief spplications)

o SN 3« Feor (unsuitable &s strustural material)
A= Unrncwa (iasufficieat date)

ACL-S54
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Crystallization gradually lid to complete clugging of the tube and cessation of
circulsticn, 4s shown by experiment, intersive transpert of irom occurs at as
szall a difference in the hot and cold regions of the sys‘ea as 0,0001%.

When sizllar experizents were conducted vi® nickel and molybdenus specimens
ne diasclution or transport of spe.imen -.terial by the lead wvas observed, In
these experimerts, tesperature of the lasd was £00°G in the hot region and 550°c
in the ccld region.

The izpurities ccnteined inm zirccniun greatly influezce its stability,

For example, lead penétrated tc o depth of steout 8.025 =m into a spscisen of
sirceniua watha aduiatures ¢f zagnesium enc cerbdon held in o lead zedium for five
doys st 1,000°C, Ir this cuse the crystels (grains) of sirconium in the pene«
trated zone dic not change, 83 vus shown by astallcgraphic anslysis. At the
suae ime, lesd did not penetrate o8 far into & specimed vith & sasller edmixture
content alter te:ts urder Lhe sade ccnditicas,

a Tible 33 sncwe, sertait sstala (Cu, 4, St, Ja, and Xn; csnnot be
reciscended for vre iB u FO s0ciuz evsd at luv tep;eretures,

The zajority oo ficeproc! catdes odd silicated iTe good Yesistance tc the
e Tesaive effect 3F MY,

Cartices® duve poer studility iu lead,

During solidilicetion, lead scmetises LiIVEPes t0 She asurfuce of quarta ead
causes 1t to ereck,

Riscuth. Bimmuth reacts strocgly vith irod at teaperetures abeve the poiat
of austenitis transformation,

coryliiva is setisfactiorily stakle in & bdisauld asdiua A% tesperetures ‘9
to 700%, Wt at 1,000° the ecrrosicn rute becones iatolersbly Migh.

® Tue experisents were condueted vilh intergran lar-type carvides.

HL-SSL. ..
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Blouth bas a more doyrresive effect on stainless nteecl than load does.

.

Sustongtie stanless cteeles oitutning niciel tuin cut Lo be less stable thaa

I8riTe atulaiess steels such as  type Lib steel,
tharere-culybdonun «Fd ehreze-zilicen cteols (compoaiticn: 2,298 Cr; 135 Mo

A S0 e Lohe O} anowed pova cfnirio ) la o tdsautn acodus under atutic caone

» *e_
-
2221075 4t @ teljwiotuar Oof - LLOC. Toe copth of intergrunulsr penetrution of

ticzuth du the suliace isyers of these steels zacunts to no xore thas 0,1 »r/year.

ing titarniun in cu.nttlics of 0,L05-2,057 give the best

JagnesiuT, firtenit,,
corrcsion in.ibitors. ctecls with o nigh chriatwa content have lowor
¢sivh resistance than nedius end 10;-ﬂlloy.chréQ§“;tecla.

Sryctallicoticn of a Fe<r alloy in the ~ccl-r “crtion of the circuii ie

ol1.Tved Juere threre are corsidereble tep;ornture ¢ ffercences in s etainlcsa-

ste with flowine Uis (ith, as in the caperizents with lead (see above),

¢
o
L]
¥
2]
7]
[

The time Intervzl raquired for the entire pipe syotem to beccue clogged with
2:¥stals ¢f the alley cun be reletively stort {3C0-4C0 hours).

If the surfuce of the steel haes coxidiged neticeably, insoluble accunulsticns
can Ve olserved to fura in ihe cold rerticns of the aystem,

Tre 4recz_ ity of transfer of stael conpcpents by bistuiln grestly decreases
wieg zirconium and magnesiur wre edded o the liguid metal, Thus, for isstacce,
chrczo-steel tubes 10-15 mm in dicxzeter becoxe conpletely clogged with the sube
sterces which have precipitated in the ccld perticr after 3CC-4C0 hours of
cpertilon, 17 tne biszutbh ccntains no additives, At the seme time, when 0.0l-
C.1X Zr ard C.01l-C.1X g ure added to the liquid metal, no clogging cf tubes
=ore tren 10 mn in diametler is cbserved evep after 10,0C0-20,000 hours of coutipue
cus operation,

The decrease in the transport of steel corponents upon addition of

¢irconfun to bismuta i3 uzually attributed to the a®corption of zirconium on the

MCL-55h,




stcol surfuce and tho formatiub ¢f e luyer on it protecting the muterial of the
wall (-estly fron) frca diassolution,

Unlike lead, bisamuth reacts atrongly with zirconjum,

hickel ard nickel-tame alloys disintegrate quickly in a liquid-bismuth
Zedivn,e Su, Mn, Mg. on, Ft, and In cunnot be used in contact with bisauth,
Troie -elais form cutectic alloys with Siscuth «hich have the followirg melting
poicts, respectively: 270.3; <68; 260; 254.5; 266; end 139°c; and the following
sonteny of the elox:=uts listea, 3u per cent: 0.2; C.b; 0.54; 2.7; 1.0; and 42,

worts was used successfully to zanufacture vessels for liquid tismuth
at working teagerutures of 500 to 1,600°C, Tt should be borna in mind that bis-
Zuth wets quartz surface, ®sticks® to it, and, expording during solidifization,
can cause the zaterial tu cracke

Sarbor i3 soluble in bisauth to C.Ui2% et 1,385°C and 0.017% at 1,408°C;
at I.CCOOC to substantially less thun 0.015, Craphite crucibles were used as
1i5uid biszmuth certainers { —~ 1.oco°c) and snow¢d fairly satisfuctory cotrosicn
resistence, cnctheless, cases where crucidbles were troken as the metel
scildified 4in thex were fregquent,

Tha ~tabdletr of hoat-recistant metels in birsuth ot high temperatures,

S

Tests ¢f certain reat-reosistant materials in biszuth zedium in the high-texmperature
racge (F02.1,500°C) were carried out by Reed [143) . The results of nis experie

xents osre given in Table 3k,

ACL-55k




TABLE 34

Corresion of some Heat-resistant Materials in Biasamuth

(under static conditionms)

|
Materiai Tumpeiaiure Durution of l Content in
1

of bisnuthk, axperiment, . Utismuth
|

E¢perimental

results

°Cc hours after ex-

! . periment, %

1000 167 0406 No corrosion
Molybdenum

observed,
(55+94 pure)

surface vetted

by bisauth

1430 2 - Mo corrosion

observed
Tungsten loco 167 + 0,001

(59,9% pure) '

Strongly
Tantalum 1000 N onl
' prooounced
(99.9% pure)
{atercrystallitie

disintegration,

o - — —— =

surface vetted

by bismth

Ko sorroaion

Kennanetal ‘ | observed




TABLE 34 (cont')

Corrvsion c¢f Some He.t-rosistent Materisla in B'smuth

(under static con2itions)

— — . -

] | ‘
material ¢' Texmpc ature Luraticu of , Ceetont ip ? ~iperimental
! i
'; cf bismuth, ' vaperime.t, l bisouth l Tesults
' °c t hours | after ex- i
: ’ periment, %
i I
¥eniugetal i l
.‘ : No eorroaica
{(k13%) i {
! i obsarved
(74C = 80, 1000 18 et
Co 3153 i ’ 0,02 Co
|
ol - TaC =55, | i
and gre,nute 1300 ' 168 i -
. i ! '
T e, ite R U 168 , -
———— — - ’ .
l H ]
wilicon ! ' |
| Aoen T{ ' 0.J781C | Specimen ?
carvide (31C) . : |
’ ' : crumbled
5 .
alaine oxtde ! 1000 : 150 . 0.0002 al No corrosica
i g obasrved
alaaioua oxide, 1S ! 2.5 i 0.2 A I Corrodes
! i
sdovmanite® type 2 ! : slightly
1 i !
Mayassium oxide 1000 m 0,00 Mg ' Very slight
' k)
sorrcation
WL-554
s
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TABLE 34 (econt')

Corrosion of Some Heat-resistant Materials in Bisauth

(under static conditions) °

Temperature Duration of Coutent in Experizental

of bismuth, cxperizent, bisauth resultsa

Materdial °¢

hours ‘ after exe

| !
| perizent, X!

; | l
' ' I

A t
Sirconiun oxide 1000 ’ 167 0,003 2r No

gorrcsion .
Malvbdenun ; ‘ |
1400 168 - observed i

disilicide

167 C 0% Th ! Corrodes

Toeriux ozide 1000

aliginly

T ve—— 4 A e e s Ee ey a : rrw ey . -

1668

Titariua cesvide No

‘Yieor® glass
{tubes for

specinens)

The sussetic allqy of bieguth end dead (56.5€ B1; 43.58 Po).  Lov=cartos
aleel 18 quite stadle ia 31.P% alloy to 500'0. provited the alloy is sot permitted

to cxidise,

¥y trensporting the steel carbides into the aphericdal atate tw



temperature limit indicated can be raised to 700°C, 1.s., apprcximately to the
austenitic transformation point, Certain investigators assumed that lead and the
bismuth-lead alloy affect only the cementite component of steel without changing
its ferrite component: for practical use they secommend one of the induatrial
brands of steel with a mexlaun carbdon content of 0.12%.

Like lead and bizzuth, tue PL.Bi alioy is nore aggressive toevand austenitic
stainless steels containinz nickel than toward chroze stajnlesa steelas,

The rate of corrosiom of type 410 stainless stesl in a eutectic bismuth-
lead alloy (as in the case of biszuth) decresses in the presence of titanium.
It has been established that adding titaniux reduces im particular the rute of
solubility of chronfum in the liquid motul, simultaneously reducing the rete of
solutility of ivon. '

Gast iron is lisdle t) creck utder prolonged service in Pb.Bi anl taerefore
caract be recuniended fur prastical applications.

surfases of sun.sten slectrodes used to measurs liquid.oecal flowe wita
sagnetie fluonvters (see Caapter V1), graduslly becvae dall ir u eutectic Pd.i
Ltulwn, Thils paencasacn i3 attridbuted to oxidstica of the tunpstin caused by
orygen conteined io the alloye

Iie The gurtosive sffast of sim on struciurul materialr is fundamentally
deterained by the intensity of irteigranuler demetrution of ligquid setal iato the
surface layer of the auteslsl. latergrunular penetration strongly affeets the
projerties of metalt, 1o particular, their dustiiity, If the material is affveted
by iotesual sticases, its stadility vith reepeet $0 1iguid tia decreases greatly,

Tin reacts strongly vith iroa at temperstures above the poiat of austenitis
trensformation.

Cast {roa and carbvon ateela dave limited corrosjon resistauce 1s tia ot
teaparatuces wp 30 500%C; the auatenstie and ferritic stainless steols are aot

NOL-5S5A,




recomended for use at temperatures above uoo°c.

Beryllius and titabius are pot affected adversely by tim up to 500°C; the
stability of zirconium in this temperature range is limitid,

The elemunts W, Mo, Ta, Nb, Cr, and V can be used as atructural materials
for service in a tiz medium,

The followinz elezents cannot be recoxuzuied in view of their high
solubility im liguid tin. 41, &g, au, €4, Co, Cu, In, .%g, Ni{, Pd, Pt, Se, S,
and Zn,

Biszuth, lesd, ard tin alloys. Tue colubility of stendard alunioua i the
Bi-Fb-cn esutectic alley with a 45e-v Jifference in the electric potentiszls of the
wall and the liquid azounts to ~~ 3+, vhile ancdized aluzipux Jander the sase
. conditicns dissolves ib quentities of :bly 0,153, «ken thore 13 Do potential
difference, ot the size texperuture tae scludility of anodized alunipum anocunts
to 0.9%%. .

Tae alloy centsining 92K Pb and £X So proves to te aore agsressive vith H
respect to Anasce-iron und curben ond shroms steels thad 3udd pule leed.

Stebility of hegt-resiat,ny Zteriala in 346 a8 BiLh Seaperatursa. Tests
of certain heateresistant materiuls in a tin iedium i the bighetemparature reage A

(820-1,500°C) vere condusted by keed [m} + The results of his szperineats are
given in Table 3S.

3. Transport of activity ia Liquid-astal Systems

Toe 114 uld setal circulating in the aystem beecnss redicective due te

irTediation in & Ruclear yesstor. Under powerful irrediation, the sctivity of

sodizt 18 conparable t0 the cetivity of rediua, ehish zakes it difficuls for She
servise persoadel to approaeh the aystea Vhea repaire are steded. I order to



reduce overatll activity of the system to a safe level by romoving the sodiux from

it, it is necessary to drain or flush 99.9999% of the metal,

TaBLE 35

corr~sion of Certain Heat-resistant Materials iz Tiz

(under static conditiots)

faterinl ' Teaperatuye | [Duration Content Bxperimental

% of tin, % of e tia results

; ; experiment, . after

! ; hours sxperisext

1

1000 t 338 1.6% , Heavy corrosicn

Jolybdenus _
(¢9.9% pure) i50¢ l 2 0.07 Heavy corrosion,

: ; aolybdenus

* ]
! ' eorystals im tia

—-— —mine om ‘ !
Tungstes ' ,.‘ i

1000 0 0,000 © Negligidle
(”.” "”’ i

, : sorrosion
Teatelum % ' Heavy sorroaion
(99.9% pure) ; | '
Aveniwm P50 | &0 0,006 ‘ No eorresios

! ' l deteeted

| | |

| | |

f t i
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TABLE 35 (cont!)

Corrosion of Certain Heat-resistant Materials ia Tin

(czder static conditions)

Material Teunperature Duration Content Experimental
of thu, of iz tin results

cxperiment, after

hours esparinent
Kenpazetal dashing out of
(X138) 0.003 T4 cobalt froa the
TiC < 8, 1000 168 3.42 Co alloy obawrved
Co = 15%
W - TaC ® 5¢
AUF grephite froa 800 No
1 -
to 2,000 corrosion
- detectd
1509 8o -
dolybviemum 1000 168 €.0004 Mo Moderete
disilicide 0.0 3% eorrosion
1500 168 - lisavy csor.veion
Tuatalun cardide 1c00 168 0,98 T Moderate
eorrvesion
Vieor® glase
1000 168 0.00 81 Cerredes
{sudes for
- sligntly
4pos iaess .
¥oL-5%%
/1




TABLB 35 (cont')

Coricaion of Certain Heat-resistant Materiala ia Tin

(under statis conditions)

L
! !
Material Teuperature Durstion Content Experinentsl
¢f tin, % ! of in tia results
E experiment, after
i
; nours experiment
! |
Carcaiun carbide : 1500 ; 168 |- No
; corrosion
Tubes made of {
: detected
*organite® 1780 . ¢ -

slunisua oxide

et —— e~ - —

Tue metivaty of the setal rezsining in the dreined system rises,dus to the
pieasace §o It of even nepligitle quantities (leas then C.UCIK) of mdisctive
sdauixtures L.ving a lite Lelf-1ife. Amvunta cf sduiztures vhich are segligible
froa the stendpoint of their influence cm the ecorrcaion reaistence of the
aaterisls and on the aeat-trahafer pr.perties of the metal ces prove to de
into.er.ble due to the dangsr caused by recistion. The sorrosioa produsts of the
struoturel zaterisls fore part of thess adaixtur:s, Coirosich procevding evea
at & very nogligible rate frequeatly osuses coasiderable sctivity to epread
throughout the eative aircuis, Fission rodwsic of the suslear fusl which gt
3010 the efrcuit of the Rest-transfer :diug ade 8 souree of astivity, together
with the aetal 1taelf and 1 Inteinres,

MCL-554
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Radiocactive elements contained in the ligquid.metal systems emit, as & Tule,
canna- and beta-rays; in this ceae the gamma-radistion plays the mejor role,
since beta-reys are ccupletely stopped by the walls of the pipelines and boilers
of the eircuit,

The results of certuin experimental studies of the transport of rsdicactive
elenents 1p scdiuz circuits zude of type 7 stainless steel ure diwcusied belov,
Tae method of detenaining the intensity of transport was cuzoon to sll the
experizents, an uotive scurce of kacem strer gtk is zade of stainleas steel.

It §s placed :p a zodiux circuitl zade of the sare kind of atesl, tut mot active,
The rute 8t which steel §s rezoved v the source, in aicrograss per square
ertizeter ¢f zurface per =onth, is deterzined by avasuring the cusulative
aotivity ob tie walls cof the circuit, The vilue obtained im this zanter differe
frus the rate of corrcsiua of the zaterisl ie that it dces cot jmclude the stesl
sozporenta ¢inscived (o the 1iJuid. Furtuermere, 1B this cese the trivsfer can
be duterzined £or tie sto:l as 4 «cle et for each ef ita redicestive coaponents
individually,

The trersport fa detertinad eitder in rexled :cntainers (capsules; of emall
voluse oF 10 especizwntal loupa (cireuite). The capsule takes tae form of o
tollow cylinder, - 25 av in diaaster and ~- 50 3 ia heignt, 1B vhich specimens
of the asterial studied and sb sative scurie ere placed. The oapsule is filled
vith scdium and placed ia & muffle furnace where it is beld for & givea period
of tise, Whaile im the fursace, the capsule is coatisuously rotated ia sueh a
vay that the liguid aetal waghes tha surface of the specisend 4% a gives Mete,
after this the capsule ia opessd and the surface of the specimens studied %o
deternine the depth of diffusica of the redicastive olemsnts, If diffusiea at
the surface 15 20t the object of study, the sapsule itself eed be weed to
deternive the ampunts of activily Srunsported, and It is 5Ot aecossary to plaee

ml-”l. Y
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bottom by a bhorizortal tube, AB active scurce made of type 347 stesl is placed
in the Bottom of che elbov and a test specimen of this steel im the bottom of
the utber elbov. The wvhole device is attached to & vidrsting freme. The
averuge rute et waiskh the radiation scurce and the apeciizen are washed by the

liquid s — 0.15 a/sec,

specimens in it.

The installation cf Fig. 110 is constructed on a sizilar primcipls, making
it possible to study the influence of the oxygzen contert cf Ka on the intemsity
of activily transfer. It consists of two parailel vertical tubes joined at the

Fig. 110, 3etaup for stuiying the iafiuence of the osyied scatent
of sodium ¢3 the fete of activity tremsport. le aAetive
soures; 2« velve for suiium; 3= s;ecined; \- 00l4 trep;
S+ inert gus feed 1ine,

NCL-550, .
¥
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A capsule in which liquid metal circulates by free convecticn or by mesns
of a magnet is convenient ip determining the irtensity of transport of the
material as a whole. A device of this type is shown in Pig. 1ll. Sodium 1»
poured into s stainless-steel capsule inte which are also placed a holder vwith
the source of radicactivity, up to 1C ateel test specisens, and e sampling ladle.
The uppor part cf the capsuls 1a ~onnected 3o 3 glass-tute systea fitted wath
stepeocks., a3 ahowd in the figure, tie design of the device uukes it possidle
to replace specizens and to remove the sodiux selected for analysis from the
capauls protected by the inert gas, vithout disturbicg the source of activity,

Figure 112 suovs & diagruz of a setsup for stulying the transport of redioe
sctive elencrts in sudiuz ccntained in a slrcular tube. Tae tude is placed oa
& ronnd plate. a spesiel kizezatic device coxzunicatez a reverse-rotatiag
Soticn to it; the aversge 1iquid flovw velocity reaches 4.5 a/see,

vaturel eirealation circuits, wilh tex;erstures in their ascending and
deczending ;artions of 500-6u0°C azd ic0e1509C, respectively, are also used to
astudy sctivity tremsport.

Very valuabdle ceaulta ars priduced by wsperiaents couducted ia foreed
eir:ulation locps as well us in lucpe inetelled inside duclear reacters, 1In Sha
latter cave it 3: posaill: to study the influence of redistion on the tremsfer
process. Ouly ode experissntal imstalletion of this type {s knowe to exist e
pressat, It vas deaigned o0 as o it completely into one of the duets of aa
experizental rea:tor. The installation includes & section heated Wy the Fe-
sctor,” an elestromanetic purp, aad & Beat sachusger 1o vhich irrediated sediwm
Strenmits {8 Beat %0 & sodiun-pitassium alluy eireulating ia the seccndary
(noarsdicastive) cireuit. The eatire asseably 1 eylisderieal s ~ | o loag sud
340<170 an 1a dimseter. The total amount of sodiwm 1B the system 18-+1,000 g;

* Tois seetion is aled syuipped with as #leetiie heuter,

1935
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it flows at “~ 10 liters/mtn at meximus and ainimus temperatures of §80°C (at
the Leated sector) and 310°C (at the outlet of the heat exchanger). The systea
13 equipred with severul stields which retain the meutron flux to preveat

activation of the secondary eircuit,

Fig. 111, Capsule for studying trensport of sstivity Wy sodima
wder 1sotherml conditions. 1. Stalaless-steel oapoule;
2= dolder; 3. sanpling ladle; A« furmace; S5~ magaetie

- coll for slirring sodiwm; 6= Specimea; 7- setive souree

MCL-5Sa, '
I3/ -‘




Fig, 112, lritallation for atudying tesessort of rediosctive
elesents i8 acdium: 1o ataft; Z- plate; 3= tube
vith scdiun; 4+ linkage.

LARACiAsAtAL Teavits, 7enle 39 gives scae experiseatsl figures ca
fetivity tretaport, ouloined with the fnstollaticas just deserided, If we take
1A10 acoouAl 100 eoRsideruble differvace 15 the sonditions uhder whish these
SRparimeats vere condustied, they aay be scnsidered 1o agree sstisfesterily. 4
toe table shows, the relatiocachips betveen the fates of tredsrert of iadividual
olemats vr "t abcut the sane is all the experineats,
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TaBLE 36
Rate of Transport of Lertaje Radjoactive Zlements by Scudium
(n )
ea” month
Specineas tyze 347 stainless steel ."t. u-soo"’c
- - .
0, content :.8. . 2 g é
in Ka, % 3 i | 3 3 i
Capsules 2 ? A 5 § IR ;
'?‘ g (<] v’, L ] ? ‘.‘. } |
] 3 3 s a ! !
EREE g : 84 ‘
e 93 3 2 - at
lsctherzal ecnditions " KerdsotSerasl oondiiicns
=~ 2003301 0,06 Ciu) =  2.0035  0.003
Dureticn of
experiavat ) :
Uadiead 323 10 A7 10y B0 N |
r? 3 0.7 o 2 2 - - - 3
ce®0 0 0.2 0.2 02 0,02 008 6 3
— l l l i : A i
® speatmen sade of t7p0 316 stataless stesl, ' S |
|
: |
|
L350, |
)4 1
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Tne values of activity transfer ratecs obtained in tests conducted by

Haag [?j] ,» using an experimental loop placed inoide a nucleair reactor, are given
in Table 37, By apparent transport :ate (see Table 37) fu~ a given element is
asunt the Ge.rease in the weign' of steel corresponiing to the value of the
transported activity d~termined for & given isotope. Tie azparent rates are

not the samne for different isotopes since the intensity ¢f the transport of an
elemsnt ig nct rroporticral to its copsentration in the steel, The individual
transport rates given in Tadle 37 wore deteymined by the epparent rutes, sllovwe=
ing for the content of tae given isotope in steel,

AS szcwd by vxperizents, the follewing radlosctive isotopes (all gemme
enitters) busically Jsteruined the a~tivity transport: T.182. anh. 9060. and
Fos9,

From the stancpuint of effect on transport intensity, the coaposition of
the active sourve, in pa:tisular the ilnpurities in it, is of great icportanss.
For exsuple, tantalun and cobalt, wresent in stainlesns steel as foreign
izpurities are interaive saxsu.snitters, The isctope &njh is foraed froa 105'
in s:cordance with the {(n ‘i) raaction ossurring during irredisticn of ateel,
Data from radincaenizsl unalyals of a steel sjpacimen ~hich hid sustajned &
neutron flux of o.ﬁa-lola neutron/ea®ssec for 25 days are gives to Tadle 38,
The tatle givys only the zuip cunza-suitters with half-lives of mole thaa 30

days,
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TABLS 37

Rote of Transnort of vertain Radicactive lsotopus
Contsin. i in Stoinless tesd
(accoruing to iata for an experimentul loop with

C.0034 caxygen content in sodium;

!

Isotope lHalf-life Apperent 'Individual  Transport rate with
[‘ trarsport trensport " respect to cohalt
! ‘ : b0
; rete, Tates, :
aldles aii&ls:ll
ca¢ zonth su¢ aooth
260 5.3 yvars 0.0032 2.7 ¢ 1w 1
MY N5 dsa 0.13 — —
1% N cars Ve20 2,0 * 207 s
FSY i dape 0.012 8.3 + 1079 100
el > days 0.0006 2,0 + 207 a0

! ]

Tt eppears that heat Lreatacet of ategl influsnces tae intenaity of
sativity trensport. For example, amnealed ajecimens of 347 stesl give & higher
trensport rete thaa spesinens vhich bdave Dot bees annesled. The surfuze sless-
2ess of the source of aetivity and of the nobuctive metal washed by the scdium
played a doaisant iole. The wost effoqiive nethods of clesaing stainless-atesl
surfales are) weshing with pure sodiva, a2id etehing, vlectropolishiag, and

Jed
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high-temperature arneuling in a nydrogen atuosphere.

Fxperizents conducted with ferritic steels and zirconiuz show that their
activity transport rates are less than or equal to the trsnsport rates for
austenitlic stainless steels,

The influcnce ¢ the maverinl o the ¢9mes of tl. experizeatal sircuit o
toe irtensity of asetivity trarsp it was specially studied. It appsarei that 4a
usirg the sume scurce muterinl (type 347 stuinless stesl) the iniensity of
tranaport to the surface of 316 and 347 steels wvas the same,

Tne value of the activaty trunsfurred to unit surface of the circuit is ia
icverse proportion to the ratio of tais suriace to the surface cf the source,

M Tas paris of the systez located closer to the source prove to de more highly

activated,

The caygen contert of the sodium has  de:ided effect on the tranaport

rate. aciording to iwag [93) tre transpuit rate of the isotopes cca“. Fed9,

70, ins 2% drcresses by 54y 17, b and & tiwes, cespectively, as thy oxyge

content of she scdiug shanges froa 0.0027 to 0.0C59%.

The addition of vorteln orbtelences (lnhiliters) te so2iua reduces the dne

terndl; of ti-arperr, The octith of trenspeit inhibiters, appursutiy, is boscd

vt the ¢ecrends in the concentiut:ica of cxide in the liLuid wetal and on the
formaticn of a protective layer cn the surface of the steel shich hazpers the
d1ffusivy exdbange between active and nonnctive atoms,
Tre fanititor should be soludls in the liquid meta) snd ahculd have a low
BOUtICh ATSOTRLION Crues sectiod tO avoid parsaitic copture of deutTohs in the
reactor; its irrezistion preducts should not bave high activity or long helfs
11fe,




Data from Radiochemical Analysis

TiBLE 38

of en Irrsdiated Speciten of Type 347 Stainless Steel

(neutron flux: G.54 1014 Deutrens, irradiation time: 25 days)

cm-e+s0¢C

Radivactive 1 HEalf-l1ife Fuaber ¢f dessys | Content of given
isotope l yes zicute per ’ element in the
| gran of steel ' specimen, wtX
)
Feo? 46 days 1.7 » 1610 ' 66,4
)
cob0 §42 yeurs 7.3 » 107 - oen
2% 117 days 2.7 + 2030 | o.088
1nSh 31¢ deys 8.7+ 107 -
¥
splrad ¢ days 1,7 » 208 | 0,004
g ? '
ag 270 duys lo“ s 10 i OOM’
PR 250 days 1.3 » 207 040¢27

S




Ceczpariscn of

(quantity of inhibitor.

13 by weight; specimen:

TABLE 39

Zifectiveness cf Various Inaibitors of activity Transport

vype 347 ateel)

MOL-SSA,

transport rate is pure sodiva
of an inbihitop,

(20 inhiditer) S0 She tranaport rete i the presanse

Intibitcr  Ciyren centent iz sodium Free energy of Effective-
in ten-taousendths of a cxids formatice  ness of
| per cent SEEm— inhiditer *
| keal ‘
| gran-stom of oxygea i
- Initial Firal ;
| (vefre addie :(.ttcr sddj~ :
tion of ir..hlbx-? tion of inhibie. }
; ter) ! tor) l
Surium b2 7 15 ?
Strontiuna 30 n 122 b
Caletum 15 27 133 10
Titeniue 39 ) 9 6.h
Ant Lacny 30 4 hC Se?
Nagnestium 38 19 bt 546
Corsum 17 66 %6 2.8
Tia a 1] A9 .7
Kiekel 28 7 V) 1.8
Berylli 23 o] 2 Q.7
Cestim »” 58 82 07
Chronium 19 26 n 0.8
Sodiwa - - » -
- ® Tte effectiveness of the 12iditor is defined as the r.840 of tho activiny




& comparison of the effectiveness of various transport inhibitors is givea

in Table 39. 4As can be seen from the table, substances characterized by greater
free eneryy of oxide forration, 1.8., having greater charical affinity for oxygea
(see Chupter I1) are generally better inhibitors, Sutstances whose energy of
oxide formatiom = lass thas ¢hat of sod¥u {cesium, chromium, etc,) only
increase the transpert rate., In this case, tbe cxide prctective film on a steel
surface is aestroyed ruther than tbe imkititor being oxidized. This is also
showr by the increase in the oxygen content of the scdiun (see Table 39)e No
distinct relationship is obtserved Letween the decreass in concentration of oxide
in tho 2cdiun wher on inzibitcr 42 #dded to it and the effectiveness of the
latter. Thi beet trunsport imhibitor is tarjum. oten 14 berium is added to

182 sreatly de:reasss (xc' tizes) as does the

scdiun, the trunspcrt rate of Ta
trensport rste of ;-'.ujh. !‘059. ¢rot, acd %0 to a lesaer degree (I:»60 by 7 times).
Ir order to zuke it ;os3itle to rvconzuld using bariun as ed inbidbitor under
industrial ocxnditiozs, 1% 1s nccessary to {ind relisble 2athods cf resoving its
cxide froa the systeam.

It bus been eatablished that the azount of sutstarce transported increasee

ex;ctentiully with tezpcratsre in accordance with s uatiom:
loga 100 2L1% (69)

vhere A is the activity sazured by the nucber of separate desays per aloute
per gras of material (stainless steel); ]'u the 2bsolute teaperature.

Experizents windusted using free convection of the liguid setal shoved that
the presence of 4 teaperature drop in the system does ot Boticeably influsase
the intensity of motivity tiensport, The experizante were ccaducted with rela-
tively amall ccncentrutions of oaygen, und type AT atainless steel served as
the material for tuth the activity source and the cspsule for the metal,

Ay
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Time does not have as decided an effect on the rate of transfer as do ths

tenperature and oxygen content, Tests carried cut using various experinental
set-ups guve different results for the function relating the ancunt of activity
roceived by a steel curfa~s and tha time. It has bdeen estadlizhed that the
depth of the activated layer cen reach 2.5 am after un instailution has deen
operating for five months et a texmperatura of 40U-;50°C. It may bs assumed when
designing liguid-netal-reactor cooling circuite tunt the amount of ectivity
received by the surface of the circuit is proporticnal to the length of operatioa.

The liquid flow velocity bhas little effect on the intensity of activity
Lzursport. The saze csh be said for the influcnce of a atrong oeutron flux
(up to 1013 neutron/eazouc) on a specimen,

The results of the ex;erizents manke it posaible to revise the upper liait of
the rate of activity transpert in industrial installations.

The concentration of atcns of any radicastive elezent in structural Jateriul

lccated in the core of a reactor cteys the follcwing laws

LAY (70)

vhere n° 13 the ecncentruticn of activeted oto.3 §n ateel irmdisted inaide a

redcter, atom/g;

“4

$8 the rete of formation of a given redicactive elasent as & result of
the sbsorption of neutrons, in atogs per second per grom of material;

N 49 the redion:tive decay constant of the gives sudstance; 1/ses;

.e

1s the time of operaticn of the imstallation at & given neutroa flmx

density, see,

1 2a this case, steialess stesl,

L5354




Integrating Eq. (70) for an initial concentration N* equal to zero produces

the. following expressions
Ne= S O—e. (n)

Since the activity f of a given e¢lement i3 sxpressed by the numder of

L ]
nuclear decays per second per gram of material, equal to AM , we have

A ol —a ) (72)

LT
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Fge 113, activity trensport io a hypothetical system.

<At us oalculate the astivity of asterial removed froa & resctor Wy sadium,
The quentity of activated atoms [V .. temoved frow 330 Teactolr obeys the equationt

f-”'-gy." ‘7”

vhere 3 is the intensity of sotivity trunsport ({n grems per secoad), 1.0.,
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the specific transport rate (in zrams per second per unit surface),
multiplied by the area of the scurce of activity,
The value )-N.benteriug into Eg. (73) represents the site of decay of the

transported atoms. Ccabining Eqs. (71) end (73) we geta
Raoem (m)

Integrating Eq. (74) for 2 transported activity of zero at the initial

instant of ti.e gives:
N B (75)

Then the total astivity trunsported, expressed ia teras of the numbdep of

nucl:ar decays per second,is

. B
APIRR T

elime "~ a1 ) (76)

Table 40 and Fig, 113 give 2ata for an approainate calculation using the
actned deacridud for a aypothetical theraal-ssutron reuctor, Tas transfer of
radics~tive Fe, Cr, Ta, and Co wus cocjuted, i,e,, the elements whicu seitle on
the surface cf stecl, since tae rudicactive iactopes ag, Sb, Sn, and 22
evidently recain dissolved in the liguid scdiun. The values of the rete of
transport obtained in experiments with a liguid-metal loop placed inside a
reactor vere used in the caloulations, 7The neutyod flux was aspused t0 equal
10“ Beutrons/omd see; the ares of the surface of the reactor adsording thie
wes assuaed 1o be 108 e32, Only guma-redistion was computeds since the betae
Tays vers stopped by th. tude wmalle.




TABLE 40

Aetivity Trarsport in a Hypothetical Systea

- »

2 | f 2 : . |8

® @ e 8 . s 3 = T ?,

- s ook =1 w x| & } a

- e R ~ 3} ° L] 8 - & - 4

? ¥ . S g , e YW e : 2

3 23] 3% § (ae| - - BN B

a9 g o ® ] 2 g 3 )

d S % e 3 2 ' - &

crot 17 10 13 372 0.03 1 o281 o.263
2 0455 0,662
5 w82 a8
6 G5 137
9 0.9¢2 144
Az 1.¢ lcu

re? 70 10 2.7 00556 1 1 C?9  0.095
2 08l 0,290
4 0.5 0.665
b M5  o.9022
12 om 127
aax 1,0 1,2¢

n® o0 1060 0.0009 2 1

0,015

0.606




TABLE 40 (cont')

dctivity Transpert ia s Hypothetical Syatea

. |3 s L. s
2l o), m : NE
0 - o 3 v Y (]
LI . 28 i BEE
a - . - : -
£l 1 RS « 2|21 T13%
- w o t g “ [ , {a‘
e o EE lae| s E|F] 2|
-t - [ J [ 2 b 2 - 3
T | § 8 & 8 g v 8]
a o [} /) - 2 & = e ®
c®®  0.05 3 27 047 2 1 0.50006 0,055
6 0.00206 0,532
12 0,0079  2.03
2 0,029 7.8
3 0,059 15.2
60 0,142 36.6

Tue rudiation lovel caused dy settling of active sudatances in the 3irduis

san de salculated for the s sten ~ith & gived nrrangexwat of eguipaent,provided

that the distributict of activity along the inner surface of the circuit is uaie

foram. Calculationa showsed thut after siz aonths of coatinvous operatiom of &

hypothetical reacto=, the part of tue circuit located outaide of the sone

affected by the noutrcn flux becomes 80 contaninated dy radiocactivity that access

of personnel $0 it must be limited tc 40 hours & seek. after 35 modths of operee

tion, the tine of ascess is reduced to seversl hours. These data vere obdtalned 0B

the assumption that the ete of acouwsulation of sctivity i the asystea is conetant

with tise, Stince,in fact,the transport rete gradually decresses vith ties, the

MOL-S5A




true danger of radiation sickness among personnel will be less.

(End of Chap sr IV)
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-5 PART TWO

DESIGN AMD CPERATION CT' LIQUID-METAL SYSTEMS
CHAPTER ¥

SYSTEN DESIGN
( PROYEXTIROVANIYE S1STeM)

31 Cureral Prizciples cf Equimment lavous

The individual units of s liquid-mstal cirecuit should not te located too close
tcgether, since there must be free access to axy point of the aystewms

The layout of syuip=eut in e ligquid-metel inatallation should provide for puee
sible paturel cireulation of the matal in the ayatex, for exaxple during an emer-
gecey shutdwn of the cirevlation pumps For this purpose, the source of heat for
the syates should be izstolled i the lover part of the cireuit, and the beate
remove] urit st the top,

AcTapgsaent of Tutinge 411 the tubiag is the civsuit shoule %e placed ot =
angle to the Loriscp ia order to make it essier t> load ead flush the system &
well a8 %0 drein the liquid metal from the fnstallstiom. Vith the Subes arvenged
horisontally, ss the system is losded bty pusding the metal frce the taak usder the
pressure of an iners zes, ges pockets form, If this deppeds, it 1 Besessery %o
drein the gas from esch posket separstelys losding the eireuit under veouwm meked
1% possidle 80 svois the sppearaves of gos pockets, S Tequires & large smouat of
tine and 13 inconvenient vhen ebaryiny Operatices are repested frequestly. In
horinscatal tubing same of the liquid amy fwaein sfter dralisgs, formisg pluge of
20114105ed wete) oF its cxides. Oush plugs make flwshiag and further operetisn of

ro;" ‘ . ,"‘Z
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the circuit more diffieult.

Electranagnetic liquic-wesal pumps should also de at an angle to the horizom,
with the pressure ezd highsr tna: the suctica ead, Gas Duddlas getting into the
flov can becoms trapped in the pump duct, since gaseous subataonces are not affested
by a magnetio field and therefore cannot de acved by the pumpe Gas enteriag the
Jump oauses unstable operation and reduced efficienscy. Tials undesirable effeed
(s2pscially dangorous at low metal flov velosities, when the gas bubbles :sanot de
carcicol avay by the flov of ligquid), is exelulsdaltogether wvhea the [ulp 18 arTen-
€ed 89 described abcve (ths butbdles rush upvard under the prrasure of the liquid
ard under the effect of their cva buayaney)e

Normally & pipe azgle of ebous 3° 1s sdequate to assure ccmplete dreinage of
the matsl frem the cireuit, Units of she installatics bdeing designed vhied are
A1£01 suls to drain =ust de fitted .1tk apecial haated dreinage limes,

Fosltica of tbe breathep (exrancicn) seok 4a o eirewifs AR expansicn Wreatde
tank i up {a%orent pard of any liquidwsstal cireuis, sines the volums of metsl
inoreanss quite & bIS upos heatinge For exsaple, vien the Seapsrature was retend
froa 40 to £50°C, She voluss of & sodiumepctassium alloy (MMEX) iaereased by 208,

I8 10 2088 edvidgdle §0 1osate e ¢sP0nsien taak 13 the upper part af the
sireuit, vaere 0o pipeline supplying imert gas %0 the iastallation ead 8160 be
ccanceted. Tue pas buddles catreined 12 130 liquid vill 3o ceught 1» the lank, and
at o sams %ims, & leak 1a 2o gas ducts vill 26t 00use leakege of e maltes
antele

It 10 Tecommaded that the SxPARSIen SaBk o situsted ea the swetien side of
00 1iquid=nstnl punpy $00¢p Ve the gresmmre iassée 2o eirenit 15 nisiml,
Shls oveaty e 10eTY 400 ead b0 mainteined at Lew prescure 12 e taak, o4 &
roouls of vileh 1ts walls esa be made relatively Win. Austhemmare, sush Lesstien
of tho oxpussies %43k makes 18 Possible o embat csviletica st W pmp intein W
faising e Jresture of the 10028 gad 15 Yo teak,
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Poajticn of dump (loading) tank., The draipage of liquid metal from a system

has its own peculiarit‘issiepe'”’~g on the arrapgement of equirment used. If the
cireuit ine'riee s loading (dump) tank and an expansion tark (Fige 114) the metal
can be drained into the dump tank under the effect of gravity; to apeed drainiag
of the system the feed of inert ygus in the expsnsion tedk can be increased and,
simultanesusly, scme of the gas in the dump tunk can be relessed, A drain valve
must be {nstalled on the pipe cormectirg tho circult with the loeding tenke

In the event the dunp tauk is simultanecusly used a® an expensioa tank (rig.
115), theres is no drain valve {p the 23y:st.3 end drainage is carr.ed out st W
dropping the pressure in the dump tsuk and feeding sume inurt gas into the upper

pa=t of the eirouit,

213




Fige 1k,

Diagram of squimnent leyout ia & liguidmstal
etreuts (verieas I)e

(1) Beat sxehanger for removisg heaty

(2) expaceion tazk; (3) upper roiat of etreuit;
(A) valve for equalizing jvressure ta the inert gas system;
(S) pmpi  (6) and (11) velve for Mloviag iners gas
thrwugk the aysten s3d ovaeuating)

(7) inertogas foed line; (8) lov polat of elrenis)
(9) Most axedasger for supplying Mest)

(10) sold srap; (12) dreis walve; (19) wivenw
flushing the aysten; (1) &ump (looding) Senk,
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Fige 115« Diegram of equijment leycut in & ligquid-metal
eircuis (variens II),
(1) Heat exclanger for rei.ving heas)
(2) aud (8) walve for bloving inert gas through the
aystea and evacuating) (3) avd (10) inertegas feed lime;
(A) vpper potat of circuis) (5) pmps (6) beat exebanger
for supplytag beat; (7) lov potat of sireuis; (9) eeld
trep; (11) valve for flushingthe system) 12) dwmp
(loading) Sanke
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The sacond taus location (Mge 115) is less desirable since, first of all,

}..

the absence of a drain valve requires scnstant checking of the gas pressure im the !
f

§

oxpansion tank in view of the fact tbat the level of the liquid metal is the
e.;rcuit mues L= coastant, and, sscondly, the line feeding inert gas to the upper
poibt of the circuits, usually of a smsll diameter (5 to 10 mm),in operaticn can
bescane plugged with solidified metal or its oxides, vhich will cause difficulties
in drainage.

Tbe volume of the dump tank should be l.5= 2 timss the volume required for
louding the matal systen {in solid form). This tank-capacity margin is necessary
iz view of the follovwing considerations: (1) the volune of metal ean increase dus
to beating in tho tazk or if hot metal enters the tank during drainsge; (2) e
peed to refill tte liquid motal san arise duripg operaticn; and (3) a part of the
volune of the tank should be occupied by imert gase

Separate lines draining individual portions of the eireuis should be comnested
to the duxp tanke In order to enaure the relisbility of the draizage () -ading)
1420, i% 48 recaurended that tvo valves de izstalled on it i3 series, IS s
cvavealedt 4o cunnsot &  feed lipe for the ligquid used for flushing the elreuis
betveen the valves, as shown in Fige 115« It 48 act advisable $c use dreinage
1ine sectors vith frozen-in xetals instead of draja valves, bpcause of the ased
for spesis] mesns of ecocling and heating the 1ine and undesirsdle delays arising
during losdiag and drainage of the systam,

The diameter of 1iae required for suffiocieatly fast draisage depends on the
parsicular pesuliaritios of the syatem: iV capasity, equipment layous, ete.

It bas beea estedlished by experiense that usiag of drein lines 50 m ia dimmster
¥ith eireuit liser 200 am i3 digmeter and dreia pipes 25 = ia dismeter vith
pipelines 75 mn in diameter does 2ot cause any Aifficulties ia draimage. Use of
dreis pipes 10 40 12 um and 10ss ia dlameter is not Tescumended evea for lowe
capasity lquid-metal eirenits.
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Fosition cf outlets for monitocing and measuring instrumepts, Liquid metsle |
or their vapors getting into eircuit instrumsntation outleto cam cosl there, pluge

ging the outlets with solidified metal and oxides, Hemoe, it iz advisadle
to design the outlets 20 that thay are heated by the fiuid circulating in the mais
ocnduite The intenaity of natural coovection of a liquid metal in an outlet will,
evidently, vary 2:peniing on the location of the outlet with respect to the mala
ducts It is very desiralble to situate the outlet adove the maip duet where heat

trunafer thrcugh patural convection is the mcat intenss. locating am outles below

e
“

the muin conduit is inadvisable bLecause it is not well heated, and the metal will
remain in the outlet after the circuis is drained,

The dfazster cf the cutlet should te st least 5 to 6 ma in order to avoid

oclogginge
Arrancezont of gold traps im sodivm snd sodivmepotqsgium oireuitss OGold

toaps for scdium and potassium oxides are fnatalled in the coldests sectars of She
cireuls, msking it possidle to achieve sufficisntly low tempersture of the ligquid
zetal in & trap Wth ainimm heat 1ceses Cold traps constructed as coccled settling
tanks {sue Chapter VII) are, ar a 1°.la, ccanected $0 & borizontal portioa of the
main duct and inatalled below 4% (Mge, 1124e215). Such 1 trap should be equipped
vith o drein 1126 and valve for rezoval of scowmlated oxidess

Cold traps ccastructed as cooled filsers (see Chapter VII) are installed
parallel to the maia dueS of the eirenit,
Ra_Dedavior of Structural Materiels ia Licuid Metal Girewits

Tbe physicsl and chemicel properties of liquid metals differ greatly fraa the
moperties of fluids used ia pover cagiseerisg (water, steam), as a resuls of
vhich the proper selsetion of materials in the deaiga otage 15 inpossible vithowt
thorough study of these properties, Por exmmple, the high thermal ecadustivity
of liquid metals leads $0 2o possidility that sha~p losal tempereture variatioms
may appeer {thermal aboeks), yremotiag edditional tha-wal otresses in the metal welle

L




Therefcre, critical parts of equipment should be designed not$ oaly for tensile '
strength and crsep strength but for resistance to thermal shoek as welle The |
spocific problem of corrosion of various structurs]l materials in liquid metal ;
(s0e Chapter IV) can also serve as an example,

During the transfer of heat through the valls of pipes, collectors, ete.. ia
liquid-metal heat exchangers, a considerable part of the total temperaturs drop {s
fuawed by the teaperature drop in the wally since, as a result of a high heate
transmisaion ccefficient,the tezperature drop oa the liquidwwall boundary is negli-
gible. 4t the seme time, the thermal stresses arising in tho metal of the wall
are proportional to the temperaturs difference across it. Therefore, in designing
liquid-etal heat exchengers, oivuiai sstontica ahould be paid to tie possidility
of ths appearsnce of tkermal stresses,

Toerzal atreszas saculd be saleulsted for both ateadyestate operationm of the .
instaliation as vell as for non~stcady-stete ccnditions, vhere the stresses ean
be raxizume The results of caleulaticus for determining the stresses i s house
ing of a molten-sodiumeccoled resctor are knovae JFor o sharp rise in sodimm
tezperature from 370 te u,s‘c. @0 cad happen under sharp insreases ia the power
of the iastallaticn, the thermal stresses ia s chrcme~aickel-stainlessestesl
housing san ressh 2,700 kd.!o

Moas of metalefatigue tests, relatiag degree of deformatica of a specinmea
and the number of losdiag eysles to rupture have Leea carried ocut ia the air,

The folloving 15 knova about the fatigue atreagih of steels ia liquid wetals,
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ng. 116,

Bending tests
placed {3 molten sodium at a tesperature of 725°C, showed that the fatigne streagts
of the material does not drop vhea air 1s replaced by liquid metal, Tests of the
sams steel 0 rupture uader prolouged loeding ia air end sodium led 0 oimiler
results (Figs 1M6),

The offeet of
was studied using an experimental eireuit consistiag of a pipeline to the {nside
of vhieh type A7 stalalessestes) specimens were welded (Fig. 117)e A Subular
speeimsa 200 ma ia
Thermal shook vas applied to he spscinmen by pmping & relatively oold ecliume
potasaium eli*y throagh i8¢

The mazieum Seaperature of the speeimen emovated %o AOn%0 aad the maztmm

MoL554

Campariscn of the creep resistance of type
347 steinless stesl in molten sodium and ia aire
Tests in sodiuzs @ — 540%C; X - $95%,
O = 650%; O =705%,
10 air at ems teaperatures,

are data o tests

ccnducted ca apecizens of typs 37 staimless susteaitic steel

aharp tempirature variations oa the servioceability of steeld

dianeter and 900 am long wvas predeated 10 10 desired temperatums
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rats of cooling to Jao"c/ne. vith an overeall teamperatuve drop of 270°0.

Mstallographic analysis showed tbat the thermal stresses arising under these

conditions caused {ntercrystalline cracks to appear in the mstal, resembling
fatigus ocracks. The oracks appear at points of strers concentration and propagate
along inclusicas in the metals. The results of thermal fatigue testa of steel
show that failure of the specimens was caused by the following factoras:

{1; Defects in dutt welde;

(2) poor-quality machining of the metal surfacag

(3) Anternal defecta in the pipe walls,

Fige 117 Disgrea of exzperimeatal liquid-metel sirenit
dosigned $0 tost pipe apseimens wader iaerual shoeke
1) Spestmsa; (2) sllay predsating Sank) (3) dump task)
(A) wppor tanks (5) heater; (€) pumpe
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In the first case two lengths of pips were buttewelded with a riag lining;
ihe ring wvas mot fitted tight enough to the pipe surface, so that during weldiag
sars of the metal flowsd into the wedgeelike gap formad, When the weld seem
shrank a rgunro formed in this spot, vhich is why a fatigue orack formed.

In the second case, the pips wall wes Jrepared for welding with a dull $oole
causing failures The cold hardening of the surface material occuring when $de
surface was treated contrituted to the decrease in fatigue strengthe

The third case pertains to the cracking of a pips where it extended iato the
opsring of the pipo sheet; the crack was caused by a defest in the material of
the pipee

7n calculating structures for creep atrength, it must bo bdoras in mind that
the Zarmful influsnce of tha internsl streas concentrations on the oreep resise
tanee of & wotal increases vith rising teaperatures The internal stress scageme
traticn also reduce the corrosica resistance of the matsl, which iz turs tends
10 decrease its atrength, For ezamplegy & case 18 knowa vhere RUMrous ereeks
appeared 1o the spot where steel pipes wre welded into the pipe aeets of &
sodiuastosater heat exeheoger; the eracks first appeared ob the wter side as s
result of corresioas The vater preheater made of typs 304 heat=resistance steed
failed after tvo sharp rises ia the tempsrature of the sodium te n.s’o. naviag
funoticaed for oculy AS hourss IS turmed cut that the wvater eateriag the prebester
bad high content of ehlaridesy, vhich reast vith austenitis atesl,

A5 showa by the results of an exdurense 105t of a model of & sodiwmeheated
bent-tude watereraporiser (Fige 172)s metsd fatlure (appearanse of eresks) 18
detestad 4a the 3pot vaere the tudes were velded {ute the Rassive e sheety 1e0y,
18 the Tegion of tae greatest dealisg mcmeat, A similar model with ligater pipe
sheete 414 208 fel) under ideasisal test scnliticas,
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Zzperience {n the operation of asodium circuits shows that welds possess the same

corrosion resistance as the bose metal (usually stainless stesl of austenitie or

ferritie type)s. Slag cannot bs rermitted to form in the weld, since the slag will

be washed away by the liquild metals

Wher using soldered joints,it should be bornw in mind that certain solders
(silver, for example) 40 pot bhave adequate corrosion resistance in liquid sodium,
An alloy containing €0% zanganese and 40L nickel ae well as the chrcmeenickele
ailicon alloys, cap be recamsended for use as solders,

On the basis of laboratory investigations {ses Chapter IV), one exld conclude
that liquidecetal circuits shculd nct de made of dissimiler materhlo.luu
transfer of cortain chemical elemsnts from one material to ancther was cbaerveds
Howvsver, ac transfar cabk be obsorved under opersting conditiozae For example,
secticns of a sodium eircult which hed fupnotioped in the Xnolls Atcmie Fower
ladoratory (USA) for several ysars were mude of several different materials

(austenitic atainless steel, nickely, Inconel, and ferritic steel), a2d no iztere

action between thexs was detected,

When there is oloss contuct betwwod eny two metalliec surfaces in liquid
sodius (for exaple, the male and a fezale thresded surfaces, O a valve and i%e

seat), tvo urdesirstle phevomens are obaerved. The first is surface abrasion, and

the se0ond, selfwwelding. Abrasion cea be avoided by the proper selectics of the

structure of parts Joined, for ezample, by the use of tapered threads instesd of

ccaventional thregd vhea necessary. Jurthermcre, apscisl trestment of the surfese

(aisriding or ohrcme plating) can be used, Nitriding ot s depsh of frem 0,025 be
00075 =m offectively prevents abresion. The woe of lubrivents sush as mimsreldls
or disulfides of wolybdesum and grephite t0 reduce abrasica is a0t reccamended

sinos thess substances esanch adhere 10 the frietion eurfases, and furthermore
they reacs with the moltea sodiwm,
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The self=welding of parts occurring ss a result of prolcnged cortact under
pressure end et high tezperatures is best avoided by usinrg dissimilar materials for
the contacting surfecese Specinl surfece treatment { Ditriding, for exsmple) slso
counterects selfevelding

Quelity control of structursl msteriasls, 4 high standerd of quality is
required of meteriels used to menufacturs sguipment for liquidemetsl circuitse
The meterisl of pipe walls, ccilectora, ieckas, etc,, must be free of Lice holesy
esvities, and nonzatallic (slag) inclusione, since the alightest seepage of air '
ioto thke systea or leakege of the liquid metal (raidicactives in many cases) is
pecnissibles

Ultresonic defwctozecpy, which is not alvays absclutely relisble, is frequently
used to detect tlow boles exd cavities inside the metale Skall cavities in the
meterisl cen be detected by color defectoscopys This method $a also uaeful in
detecting nonuctellic sleg inelusions,

Such inclusions ere sxtremely dangerous,since they rezain undetected during
seepece tests of the cosectled liguidemetel circults eved wish a holium leak
detestor vith an extrexely aensitive messeapectrcdeter 1 usedy pernitting the
detection of the slightest acepage Of kalium frez the clreuvite In servicy, the
sleg inclusions start to futeract uith the wolted wetaly gredually being vashed
out by it; this cen cosune a dangerous leake

Eapecially strict standards abould b applied to material for the tutes of
hest ershadgerse

33e Depisn of Piales

Calculatice of tharmal atressess The operating ecnditions for piping is
14quidemetal cirsuits 4iffer from those for ecnventionsl piping in that the
oparating tempesratures are highor apd the possidility of thersal fatigue of the
material of the walls 18 reatew,
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The stress cpused by thermal expansion in the wall of piping operating at e

high texperature should not exceed the following valuess

2. ALz ¢ 0.253)),

()

in whick 7, 1is the permiesitle teasile stress for a given material at rom

temperatured

the sexs at the orerating texperatureg

9
>

R L

nafety fector allowing for a decrease in the strength of the
material under the effect of cyelie varisticns in texperature.

As 2qe (77) shova, the value . is determined ebiefly by the permissidle
stress for a ¢old cetal, deviating from it by at maet 16,78« This is expleined
by the fact thet with rising teuperature the zodulus of elasticity of the materiale
and thus the s)asticity of the pipe wally risis de:pite & decresse in strengthe

Yorzula (77) gives the minixsl velue of the effective stress, whieh must de
inereased if other edditicnsl loads sct o2 the vall 5f the pipe (lntarnal pressure,
gravity)e 1o this case the value of the aldditioczsl stress should be sided to the
secog? ters in the parenthesis of Eqe (77)e 42 ¢ rule this vill not esceed 0,25
6‘t e aotially, the stresses dus t0 interzal pressure are usually negligitly
amelledue to the lov Pressure i liquidemstal sireuits and relatively great thicke
ness of the pipe vallss At the same timey the piping supports are desigaed in
such a vey that She stressss in the netal couvsed by the structure’s cw weight
mouat 0 0025 5.0 Heneoy the t0%al valus of the Seccad terw i3 thoe parentbesis
o2 Bye (77) 18 equal 10 abowt 045 5 o This valus makes wp & aigaificent
proportion of the %otal stress 5 in the lowend mediumrtempersture reigesy vt
ot tenperatures sbdove 600°C 18 15 tnecmsequestisl sinee ot § > 600°C the stress

C ¢ &reps shurRlys
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The value of the coefficient K in K. (77) 1s selected in accordance vith
the numbsr of thermal cycles in the opsration of the instellation, depending
on the operating conditions, If the installation iu subjected to the effect of
less then 7,000 cycles, then in a majority of cases it turns out that the eco-
officient K can be mssumed to equel unity; if the number of oyclea exceeds 7,000, X
decraases, reeching 0.5 when the number of cyclea equals 250,000 and more,

It should bu noted that piping is more duruble with respect to tdermal shook
than are other elemects of liquid-zotel instellations, First of all they bave
greatar elasticity and can withatand consideradle plastic defomation vithoud
breeking, Secondly, the pipslines are thorcughly hesteinsulated cn the ocuteide,
ea & reault of vhich their texperstul® is close to that of the 1iquid metal amd

the tempsrature drops across this pipe walls sre lov, Since the iatermal beas
stresaes in the vell are proportional to the given teapersture dxop {hey may
also be low, Tueas ideas are confirmed by experiment, During suzercus thersal
ahock testa (the oumber of eycles reached aceveral thousands) of e pipeline with
molten sodium flowing through it, 8o traces of vall failure vers discovered,
despite the fest that the rate 2 tha teupereture veriestioca resched 500 deg/eee,

Io desiyning pipelines it {s not 2ecesaery to make caleuletions for croeh
since & slight deformation due $0 ereed is 3% dangerous, Mrthemmore, sweb
deformati 00 Telieves the iaternal stresses ia the metal arising st high Yemge
oretires, CTesp is dangercus caly vhea the regica of deformatica is 20t waiforme
Ay A1etriduted slong the leagth of the Pips,dut oceure in caly & limited sesticn
of pips. local deformetion can imerease gradually aad lesd te failure,

4 woans of ecmbating ‘he appearanss of themal styesses ia @ pipelime 18
prestretching, viore the rough pipiag is nade scmsvhat shorter thea required aad
thea artificially stretehod ia the s0ld state during sssembly, T iatereal
t7e8500 1a the metal esused in this fashien decremse vith rising tenpereture)
therefore, it 1s a2 serviesshie ot Mgh tonperetures &' at lew,
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The question of ¢ampepsating fcr thermal expansion should be given careful
sttention when designing pipelinea, since the operating temperstures and the eoe
effiecfonts of thermsl expansion of the piping materisl are great im this case,
dctuelly, types 304, 316, 3213 347, and 310 austenitic s%ainless steels have &
cwfficient of linesr expansica snout LOL graater than thet of the carbon steels
(M2, 118), Possoexings at the reme time, fairly low thermal conductivity (Pig, 119).

Satisfactory compensation for tharmal €Xpaixion cua be achieved {n the eirouit
by including dent-tube aectiona, possessing the required elasticity, In using
currugated pipea or bellowe, tbey aheculd de arranged atrictly vertically, in ordex
to evsure reliadble dreinsge of the 11quid metal, Kowever, the {oatalletion of
caapensating devices sbould de avolded if Possibla, sicee they reduce the etreagth
end the reliadility of the atructure,

In assezbling {nstallations, it abould de dorwe in mnind that the relasive
displecszant of liquidematal pipicg vhea tha aystem 1s Bealed cas e feater tama

tie displacezent of standard piping due to the grestsr working temperature of e
1iquie,




Mg, 118, Linsar expansioca of s«rtaia stesls,

(A) Austenitie atesls; (B) ferritie ateels,
JJ ¢ Difference betwesa vorking sad rom Semperetures,




Fig, 119, Thormal conductivity of certalin steela,
{1) Cerdvon, 0.2 €; (2) M Cr; 0,52 Moy
(3) 2% Cry 0,58 Moy () 5% Cry 0,55 Mey
(5) 2.5% €13 0.5% Mog  (6) 3% Cry 0.5% Moj 1,258 84;
(7) 5SS Cr; 0.5% Koy 158 843 (8) 7% Ory
(9) 182 Cr; U ii; (20) 25K Cry 20K M4,
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Pippline functions, Only seemless pipcs 3bould be used for piping in
licuid-zetel circusts,

Whereever poseidle, the pipslines should be Julned by butt welding, Buts
veldirg has the following advantegess (1) The quelity of veld seems cen de
eosily inspected by xwray defectoscopy; (2) the flexibility .of the pipeline dces
not decrease noticeably, It {s recamended that pipelines be butt.welded, employirg
giskets, Whore nossible the gesket rings ere removed uzecsanicelly after welding,
in order to meke it sasier to drein the liquid metal fram the piping, 4 bighe~
quality weld ia produced when specisl gusket rings ere used which welt during
velding (Mg, 120)s Seo? results in pipelines are chtained by welding vith

trogzten electrodes {n en argoneprotective atmosphoere,
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Ng, 120, Wse of special guaint »iage ia Buts wlding of
pipsliame,




If the diemeter of the joined pipes is 25 mm or less Jt ia recamended thet
unions be uselds, The use of geskets in this cese 1s inedviseble,since the cross
section for the psssage of liquid is sherply reduced,

In design, i is necessery to avoid velded joints wita sherp transitions
fram one thickness to apother; for exemple, in butt-welding two pipes, the thicke
ness of the wull of one of the pipes rhould be changed smoothly along ita length,
80 thet at the weld the walls of hoth pims have identical thiclkneasas s 1e00, 18
is necessary to teke meesures t3 prevent iuternal stress concentrations in the
metal (see Figs, 121 and 122),

Wolds serving to bold elemects of the circuit to beems, stonla, ete,,
should de velded along the entire levgth 8o a3 to sscure good the:mal contacs
botween the fixtures and the velded part and in this menner to [revent the
appeerance of thermal atrezses,

Tae folloving vellding standerds are caspulsory in the Enolls Atamie Powver
Laboratory (USA)s

1, If the seca functicns under load,it should be filled vith weld metal
along the eatire thickness of the vall,

2+ Carnersweld joints of parts sre undesircble and are allovebdle obly vhea
the thicknesses of the parts ia the weld 1egion sre identieal,




Tp-h LA {
- T2 § ANNNSANNN- i

1"‘1:_;:'._..’.;:_ ~—-——-

2Ty~ T} mn

»4.-4‘[7“7.)"”

Mgze 121, Recanmended structures of buttewslded pipeline joints,

Ve

Mg, 122, Recamended structure of veld for highetemperature

servies,
(1) Drilled after welding; (2) corver semm;
(3) aipple,
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The pcssibility of oracks appearing .i ‘be weids decreases when eleotrodes

mado cf a material with high ferrite content are used., Hovever, when the semm
is subjected to a bigh temperature (above 550°c).. considerable ferrite content
in the veld metal is unacceptable,since it promotes increased drittleness of
the material as a result of cths presence of tha signa-phase in ite

Flangs couplings in sharply changing temperature conditions sre not noted
ror high reliehility and their use in liquid.metal circuits should be restrioted

inatances where uther types of joints cannot be used, for exsmple, vhen joining

parts made of dissimilar matorials or when there is a need for frequant replaces
ment of parts of the circuis,

In designing flanse couplings, & material for the bolts should be used with
a analler coefficient of thermal expansion than the material of the flange itself,

The selection of material for gaskets is determinsd by the operating ocondie
tioos of the flange couplings Copper and aluninum gaskets cas be used in sodiwm
at texperatures below :oo°c. and stainleass stesl or nickel gaskets et tamperatures
above 2oo°c. The ®ball i1n onne® gasketless type of flange ocoupling is obe of the
zost reliable, although the integrity of itz seal can be affected vhen i$ &8
frequently ascembled end dissasemblole Threaded coupling of pipelines for liquids
metal 1ostellativis can be recoumended only for brief service at lov temperatures
(belov 250'0). Tareaded pipe couplings for sodium and mm--pemw-' are
ass@abled vith spesial lubrication; the acst satisfactory resulis are shove by @
ludricent covsisting of s mizture of lead cxide (M0) and glyesrims It awculd '

be borne in mind that the lubrieant san bo a scures of impurities for the eireulate ‘
iag metal,

s Sueh eouplings ure 308 reccmmended for pipes vith dismeters larger thed
5 m,




Coupling unions vith thoroughly tigh: surfacea are suitable for ooupling
carbon=gteol and atainless-steel piping. They are about as relisdble as flangs
couplings, Unicns for pipelines with dismeters belov 25 am, {brough which a
sodius-potassiun alloy wvas pumped at texperatures up to 550°c. vers subjected te
cperational tests and ahoved satisfact:ry serviceabiiity.

Copper piping with bronze fittinis can be used in vorking vith a sodime
potasaium elloy at texperatures delc. 12006. Rovever, sharp teaperature variations
in the liquid metal (thermal shocks ) should be considereds The fact of the master
is that drounze becomes highly strainshardensd during asiembdly of pipeline ecoupe
lingse For tuis reascg, stressas due to strain hardening are adled to the in-
ternal etresses in the wall of the uoiza due to thermal fluctuaticns, sdd the
unjon caa eracks

Stainlessestes] fittings rezain serviceable at elevated tezperatures (up %o
750%)e

3b Therzal Iomh tice

The folluwing are the specifie quality requirezents for thermal immlation
of ligquid-metal cireuits: the insulativg material shnld 20t resct chemisally
vith the 1liquid met-:); as far es posaitle, the insulatioa should be impregnsble
to the liquid metsl; the moehanical edi Shermal properties of the ifasulatien
should not changs vaea irrediated,

Lot ue u-i the nore videlyousel thermal materialss

de Pire-cesistant high-dedsity ninarel £idere

2¢ Conpressed ninerel wool or glass fidere

3+ 100ss aiwrel vool or glase fiber (4emsity Rot greater than 100 hgAr’)e

e ASbOstOn, vith lov ecitent of veter of erystallisatioa ia the ferm of
thr- 4 o meked (emcoite)s

Se cpostal molten seregele
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6 Magnesia (85%)s
Te Moltea diatemites
8¢ Molten calcium silicates.
9e Stainless steel chips,
10s Slag 1s=24,
11, Metallic 2041 vith a filler of any of the above materisls,
Inforsaticn on cortein properties of the therzele-insulation msterials are

given in Tedle bls




TABLE 1
Properties of Thermaleinsulation “~aterials
TerJe required tv compress

zaterial dy 5%
Thermale (.Y o ) o~
tneulat icn § °: E id >
maserialg :: 3 3 : B ‘:
: P iz g s
I § 88 Wy 2 §
B
y 3 ; r g v d
3 3 w L* 3 2 3
! - 5‘ ! ! i o 8
° g 8 @ 4 ' ] i ¥
- 3 °
HERETRE
$ i 3 C
Moltes %0 70 0 28 2 9.0 1d
sazogel
Diatanite 385 1050 30 Ay b 7 1.0
Galetwn 185 e i3S A %2 g0 10
silicates
Megaastum 190 3 [ X3 28 305 2 0?
oxide (058)
foltea % a0 S 39 056 o0 o9
aoaite
Neked » e S 2h OT? op
sinerel
wel
MCL-55\
22" J
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Rocksil, a longefiber white mineral wool [13§ , 1s used to insulate the
Na<X piping and heat exchangers used in the fasteneutron reactor {(under econatruce
tion at Dounreay)(Britain). This material is extremely porous and contsins up %0
95% air by wvolume, and at the same time has good hoat-resistant properties and is
suitably chemically inert up to zooc.

Interaction of thermal iosulation materials with alkaline metals, Sodiun and

Na~K alloy react quite atrongly with minerals containing chemically=bound watere
This, wowsver, does not preclude the use cf such materials for insulating small
exparimental installationse

Packed mineral wool, special aerogel, molten diatomite, and molten smasite
proved to have satisfactory chemical stability with respect to sodium under induge
trial gervice conditions. These naterials vere not ccxpletely impregoadble to the
1iquid metal, evea though their density vas much higher than the deneity of mineral
vool, glase wool, or stainless steel chipse

Jecrerature conditions of insulation service; In selecting the type of there
=al insulation, consideration must be given %o, specifically, the twmuperature
conditions unler which 4% will fusctions Table Al above the maximm operatiug
temporutures for various types of insuletica, Preheating the eireuit by slestris
heatars is caused by local overbssting of the thermal insulaticn e compared e
operTating oonditivns, Since thermal famulstion, vhich has greater temperature
s%ability usually has greater thermal conduetivity, it 18 sdvisedle ia scme sases
10 iasud to piping ia tve yers, The firet layer, iamedistely aext %0 the pipe,
10 made of & more \empersture-stable and nore ovdluctive material, and the sasond
layer of o msterial vith better tharwal iasulating properties Wt lover tempeces
ture stadilitye

nerpa) sendustivity of jesulatisg satecisley Ourves of the themmal ecoduse
tivity of warious thermaleiamilation materisla oo s fusstion of teuperature are
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given in Fige 123, A8 the figure shows, molten serogel bas the lowest thermal
conductivitye

The thertal conductivity of a thermaleinsulation material is greatly im~
fluenced by the nature of the surrcurding medium, In contrast to standard povar
installaticns where air at atmospherie pressure is tre medium, in nuclear-fuelled
installations, thermul insulation can operate iu rerefied air or any kind of gase
Gassea with lov molesulsT waight, helium for example, cen raise the thermal
cordustivity of an ipsulator by 2-3 ticese On the contrary, the thermal-insula=
tion rroperties of a material can improve ip gas having a high moleculsr weight,
or in rarefied air, The influezce of rarefaction is felt at preesures delow
10 zm Hge The tharmal cordustivity of larulators having . szsll internal pores

(zolten aerogel) is less sensitive to changes in the nature of the surrounding

nediua than are cider insulators,
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Fige 123¢ Tuermal condyctivity of scme thermaleinsuletica
zaterials,
(1)xtainless steed chips; (2) diatamite {3) nineral
vool fider (y == 140 Ig/h’); (d) mosite: (5) pressed
aigeral vool is tl-igsy (6) ealefum stlicates;
(7) magzeata (855 () tireproot fider (Y = 220 kg/d);
(9) sarogel (1X=61)e |
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Fige 12he Assenbly of thermal insulation o 3 pipelimes
(1) Pipelive; (@) tubular heaters (3) beater
trecings (4) very dense firepruof fibery
(5) leak indicater; (6) molten aarogel)

(7) outer jackete

Tebles 42 abd 43 present dats pervitting a sczpariscn of thermal inmlation
sade of xoltea aerogel vith standard iomulation,
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TABLE A2
Cazparison of Heat Loss Through Layers of Verious Therual Inmulation Materials
o
of Jdentical Thickassa (temperature of surface cf pipm ASS C,

teaperature of surrounding ldl\ﬂu?‘IoC)

Type of insulatica Thickness Temperature Heat loss Ratie
- of uter per lbesr of
surface of mater, heat

iosulnticn, keal/hour losses

Yoltes sarggel .3 '\ o o8
Seaderd tasmlatien’ B 6 ne 1408
Fizeprect aineral 2 S m L\
fiver

Molvea uu;ol” S - - >

Pipe 50 m 1a dlmoter

Neltes aerogel » 14 oy 0.8
Standerd fasulntien 5 Q e 100
fireprest miserel » » wr L
2ibee

Noltes ssreged » - - -

® Ia this G0se *staddard’ neadd & theria) fssulatish Maviag & tharmel esaduse
tivity of 0407 beal/e howr’C o8 & tenperature of 2660,
s Oompound 1asulative comaisting of A 1a8+¢ Liyer of firemwest ninsrel fider

el a8 suter layer of asl%en coregal,y
WLAS)

w
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TABLE &3

Ecancmy on Mutertal Resulting from Switching from Standard Thermal Tnaulatien
to Molten dercgol Insulation (tezperature of surface of pipes h55°c.

0
texpersture of surrounding mediuas 27 C)

Material Relative

Leed per eonaumption

Insulation i § linear of material
raterial g ; ] noter !

3 ; g 3

3 3 [

; - ! "

¢ 5§ 3 " ¥ 3

3 y

i 3 THREEEE

d & | g 8 @ ¢

Pipe 200 m i3 dimeter
Stapdard insub tion s S6 IR 007 19 18 10 160
Molten aerogel ” 6 5 0,025 7 0ed2 0435 0u37

Pips 50 m {a dimeter
Stantard josulatics s 6 100 0018 S 1.8 10 )0
Nolten asrogel 17 D 100 0,00k 142 039 023 028

* *Standard® foasulation in 11 case meads a thermal fasulatioca having &
1] [
thermmal | conductivity of 0,07 kesl/a dour C at & temperature of 268 Co
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Most o the materisls used do not lose their thermal insulation properties
after prolobged icmersion ip water and subsequent drying, except for molten aeroged
vhich should te prutected fras the effect of moisture by coverr or Jjackats,

Radiat!on was pot observed to affect tbe properties of any of the insulatiocm

materials studied,

Aseenbly of thermal insulation ob pipelinvess Figure 124 shows schematically

a oropse sgsction of pi, ~line with thermal insulation, electric heaters, and a
liquid-metal leak indicator mounted on it, The leak iddicator consists of a
metal ring insulated electrically fram the pipelines Liquid metal floving
through & leak creater alectrical coatact dstveea the ring and ths well of the
piyeline, vhich ¢can be recorded by spocial devieces informing the personnel operate
ing the iastallal >0 of an accidents The leak indicator can be located Dot oaly
betvess layers of iorulation (Fige 124 ), dut also direetly oa the mrface of the
pipe which perzits szecdier discovery of 1he leaks

The twoslayer insulstion showe in the figure vas used sucosssfully ia ssveral
sezieindustrial licuidwaetal installatiocns, The ioker layer of josulation ves
fitted ta the pipe by mcuns of a fireproof eo:d (glase ts‘«. otes )y and the outer
layer by means of a metal tape, folloved by asbastos sheathinge Finelly, the
surface of the insuk ticn 18 coversd by a Jayer of eameat protecting it frem

mofjetures Sooetiner the iamlation 18 protested frcm sechanical damage by & mtel
Jasket,




Chapter VI
FLUTPMENT FOR LIQUIDMETAL SYSTEMS
(CPQRUDOVANIYE ZHIDETMETAITICHESKTKH STSTMM)
35¢ Mechaniesl Junpy

Mechanieal punps, which surpass electrazagnstic pumps in eofficiency and
eost lens, are frequently used 1a liquid-uatal resctor systema,

Coatrifugel punpa, vhose WyMreulic churacteriotics aud design fully meet the
requirevcuis fur ecatanded cperation at ecustant feed and head, are the most
ec=only used eirculstiod puzps for [Ti=ury circuitse Recijrocating pumps are
used caly as suxiliary unite, since they bave & lov disciarge rate and oreats &
pulcating presrures 4 reeiprocating purp with & sepsvating diaphragn, 10,
furtherncre, unrelisdls in extendeld service deceuss of the danger of dlaphregn
felluree

3ince 1iquid mais follov the gezeral principles of hydreulie resistanse,
the aectioa betveen the fnlet asd cutlat valve 1s desigied 1a asecrdanse vith
the standard formulaw for liguids,

The major prodlem vith mechanicsl pmpe 18 the deaigs of seals axd bearings
£eliadle ia exteaded vervies vhere there 16 %0 3o N0 000000 for ispestion o
repairee

Soals should ecmpl viely sxelude the poasidility of leakage of the Miguid
2eta) oF seepage of a1t Lite the pump 15 erder %0 avwid chamiesl Fece’iss with
the ecelant,




In designing bearings for liguid-metal pumps it ecmetimes is nscessary to

use the pumped medium as a lubricant, leoee to use a liquid with poor lubricating
rroperties,

Considerable difficultias srise in aslecting a material for eomponeats of
bearinzs and seals since the use of Aivarse materials in a systen laads to the
Possibility of trapepor: of individuai constituents «f the materisl by the molten

metal,

Mechanical puzps une dispbragu and gae seals as vell as seals of £ ozen
mstal — the coclant.

Table 4L gives certuiu duta for mechanical _umps vhich have performed
rucecsofully for 1,000 hours asd msroe All the prps, vith the exception of one
Tosipsccating pucp, are mingleestejs ecntrifugsl puzps DI punping liquid sodiua
i3 elozcd eircuita, The recifrocating pump vas deeigied for spacial techoologiesd
reececes requiring lov delivery and relatively high preasuros. Table Ak gives

the taximun value of hydraulie efficieney for the pepa, fncluding the &rive,




Puc. 135, Hacer ¢ repuerniupossusum
poropew

Tige 125+ Cannedwrotor Pmpey
(1) Coolant inles; (2) diaphrega;
(3) coclant dtasharge (A) liquid metal,

Iapellers for eentrifugal pumps are desigaed asoording %0 spesifications
for soaveational 1iguids. The clearsncs at the sealiag bush, dovever, shouM
be inereused by 15 %0 2 times; this is especislly importaat vhes usiag sasteaitis
Steala, which dave 8 high cveffisient of best axpanrs isne
Oamplete ajrtightness of the workiag wlune, sspesielly aescssary ia moviang
Tadicesiive liguids, 1s ssdieved Ny d1aphregneecal pmps. The Cperstion of
diaphragn seals is based o seperation of 1iquid metel frem air by aa airtight
scamagaetis shell, NN&MONMDMDQOM‘W
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punped and obtains its torque from e rotating external maguotic field,

Diaghragn seal punpa are made in two main varietiess canned-rotor and
magoeticedrive,

Camned=rotor pumpse Figure 125 shows s canned=rotor punpe The impeller of
the qump is fitted directly oa the rotor of a polypbase motor sultmerged in the
jumped ligquide A thin cylindrical membreans aakes the bearings and the rotatiag

iz campletely airtight., The shieldud insulated windinge of the mm e
located outeide the mezbrsne. The rotor is ruteted os in a atandard polyphase -
rotere The stator winding and the liquid metal in the region of dearings and rotor
are cvolede Thus, the tezperature in the drive secticn can be corsidersdly below
the t caperature in the sectiod betwecd the inlet and the cutlet valve and,
0Lesgueatly, the frotlom of inzulsticn of the stator winding is aot the restrige
ting factor ir sotting the temperature linmit of the pumped liquid,

I» designing sush pmpe, the roblca of beariags operating vith liquid metal
a8 a lubricant is caupounded by the rToblen of cresting e etrong sylisdrisel
Beztrane vhich vill cause 1be Meast pover loss 1 the motore Llosses due to oddy
curredts ia the Eezbdrance result ia a refuction i the overall efficieney of the
notor and 10 & Deed %0 ravove the bheat resultiasg, Installation of a mwmdreres §a
10 Botor slearance 18 the reesos that the designed retics sremel for en faduee
$ica Botor esase to e optimel,

The ccunter torque develsped a8 & Tesult of She Jresense of the nmirens
¢aa To derived from the gemersl expreseions for the ende of & Mollew eyliader
Placed 18 the air gap of ea advetion sover ().
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Mre Kyt T am 0= dra,
vieras T is the torque, dyne-mm; P .
a is the radius of the cylinder, omg
$ 18 the thickuess of the cylinder wall, om}
L 1a the axial leagth of the field, ey
B is the field frequency, rev/sea;
c (18 the resistivity of the cylinder, am,
B ia tbe paximum magnetic flux density, geuss,
Tae dimeasicsless cocffieients cand 7 determine the resistance and the
induetivs rcactance of the cylinder, respectively,
1n case of & loag eylinder where magnotie materiale ore used in the eleetre~
pagnetio aystes of & motor, the theoretical wvalues of the coefficients are oqual

| 1]
. eag p. l(;r)'.

vhere §'is Ao aize of the air gade

Since t1s term®i°1s negligidly asll s ccmpared %o motora the term fer
zotors fed by ourredts of tormal freguency and fitted i th a thin nembdrence mée
of o material of Migh electricel resistancs, Bge (7€) eaa bo proesested ase
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Sioce the pover loss o :

H 2 2enT wpejus, :: . 7 (%0) : (%0)

we got, subdstituting the eapressicn for T inte (60)

410 "wintriap
"

N P
Sulatituting for eertain values, ve obtain the folloving formulas for

ocalculating the pover loss ia the membrane:

34810 wiLDual (%)
H o e e - o,

w. wh
b

wvhere . is the resistivity of the meubdrans, uclmemm
R,* _:r_ B, the aversge magnetic flux deasaity;
D. the dimeter of the eylinder, m,

In desipning the punp motor keepiog ia mjnd the goal ¢f mazimm oversll
effisiency, 1t i ascessary, firet of all, % ry t0 reduce the flux density w
ocmpared to ecnventicnal stendardse ’

If the expressicas for the loases in aa inductica motor are embised with the
forwmla for tae losnes $a the Bembrenc. the required oquatica for designing
the puB) ROWE sad b derivel,

9 bask enf indwerd 18 She phase of eAy iaduetich moter i3 sdtainsd frem the

oguation

T L T “
where £ 15 the froqueney, epdy
o t2o mmbay of Wras 18 & phasey

D o 20 total magnetie flua pes a0le pair, memvelle
K.. 5o soelfisient for the vinding arrengmeat (KB 0,355 fer tight viadisg)e

NOL-458




g

Bjuatioa (82) differs frm the conventicnal transformer formula in coefficient

*

z, vhich allcws fur the errangement of the windinge
Using Bpe (82) for threesphase current and dimregarding the resistance of

the stawr, ve get the following expressica for the power fed to the motors hd

Q 10910 DA Buiuc)D¥t xaa, » . (83) . (83)

where B. is the averaze flux density in the air gap, gauss}
{ac), the apocific electric load ip anpsreturnn per centimeter of the length
of the gap circunferetee}
By tis synchroacus epeed, rev/ses;
Do TOtor dlsneter, omy
Ly rotor lengthy e
From I3es (81) and (83) ve derive an expression for the relative losses in
the meadraze in terms of ths basic paramaters of sa iaduction motor;

. _00%alvAg
B I S AT RO

vy &)

1 vhieh sos 210 20 pover faster,

Ruatica (64) stove that the relative 1 sus 1a the membdrase are direstly
proporticaal to the dimmeter of the rotor and 4o not depedd on its length,
Oonssquently, 18 is advizadle %3 use the greatest possidie L/D retiss

Por prelinisary caleulaticds for a pmp motor, in sdditisn %o (03) end (8 )y
& kmowieige of the relative 10sses 1ia the copper of the roter aad the stater
18 required,

Tee surrest 1a the roter reds sad bo deternined frop the oquaties

ALY - )




vhere NSc is the total numder of stator conductoras

n‘R

I . the phase curr-nt of the stator,
) 4
The currant in the rotor rings is

Nc. 12 the total mumber of rotor conductorss

l.‘NT.;-. (%) (“)
where p is the muzber of pole pairs,

The total losees in the copper of the roter are

10-0 (2K g )" 0. LpD? (ac)d cor? &
Hpe = - (_“n‘:: om. on (87)

Eere “: is the resistivity of the roter conductors, uclme.om;
4y 18 tbe croes section of cne roter rod, .2'
L, is the effective length of tbe rod, equal to tke length of tie rod plus

the quantity
N 4 A
p'\A‘ o=}
4, 18 tbhe average dimeter of the ring, e

4, 10 the crcas sesticnm of the ring, -a.

]
Usiag the axpressioa derived and Ige (83).ve cbtain the folloving equatiaa

for the relative loases 13 the copper of the rodee

g~ ﬂﬁ‘ﬂgu._‘ on » ‘-’

mmu.mtumumm’cumm\c.nmmm

o - - ()
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u” is the mmber of atator alots;.
L, s the average length of corductor, equal t0 half the average turn
langth, e

Equations (83), (8;), (88), and (89) make it poseible to calculate tae total
losces in the motor end to determine tue optimum ratics of the basic wveluess

The preczeace of liquid metal 4n the gap betwewun stator and rotor increases
the overall lossen. These additional losses are made up of "ventilation®
meckanicel losses and loases due to eddy currents pasting through the liquilde
Actually, both types of loszes are very auall and need not be taken into scoocunte

Losses can also de caused by the peculiarities in rotor design. It is not
sdvisable to subizerge & laninated rotor oore in liquid metale In such conditions,
the insulaticn between the lanibae wculd becoms quickly disrupted and would serve
a8 a source of contenipation for the liquid metal, wvhich is undesiredles In view
of this, rotors are made either s0lid with copper rods in the slots or are sealed
from the cutside vith a sbeath of thiovalled tube of magnetic material in order to
prevent an increase 13 the ‘air® gspe Hovever, due to the relatively largs *air®
EAD Decessary and the shielding effect of the fized nmdrane, Deither desige of
the rotor core trings about & coticesble drep i motor efficiensy.

Ia view 0 the Deed to une tiy Dumped 1liquid matal as a lubricant for dears
i0gs in canned-rotor pumpe, & type of hydrostatie beering has beed used, 140ey
& bearing ia wbich pressure in She lubricatiag layer is maistained by s extersel
sourese Tho B0ia advantage of & hpdrostatie beering over aa erdinery Aylres
dyasnie bearing eoasists ia the opportunisy of codsideredly iasreasiag the spesifie
oede

Figere 126 6] suous @ cross seerion of & Beering asd @ view of a faste
boering surfees. The Beck of $he shaft has a sollar having several jorketa sesh
of vhieh 15 1adividually fod vith 1iquid metal from oRe eOBBOR Teseivere The
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liquid flows out of the bdearing along its edgee as well as through longitudinsl
grooves between the pockets, The longitudinal grooves serve to exclude the
posaibility of pressure equalization in the central part of the bearing by overe
flov along the eireunfersnces Calculations shuv that introducing longitudinal

grooves in & bearing having a ratio L/D3 2 doubles ita loed cepacitye

- -y

Vo 120 1wy t03p ¢ avuwennto pedmmn
Nun g L CMA D auluny WeTRARE.

Pig. 126s Disgram of Mpdrostatis bearisg Mdricsted
37 liquid setale
(3) Liquid 1alet) (2) Jiquid eutles)
(9) tarettle vasher,
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Fige 127¢ Charscteristics af a hydrostatie bearinge
(a) ¥aber of packets; (I'.) ratie of pressure
1A poekat %0 pressurs 1 the receivere
() Relatienship of dearing capacity %o reseiver
prosoure; (V) optimm vadue of X

(o) cssmtrissty o _gigfs displasmend
aversge redial cloareuee

The baaring aets ab fellsws, At 2o Jeood, the oheft cemupies & otatrel
position with respest %o e beering dushings Iuiividual threttls vashers are
sdusted (o sueh & vay aa o soeure Mosticsl pressure 1a (il the poekets, Dariag




operation, any displacement in the staft tovard any pocket wvill csuse the

preesure in 1t to rise snd the pressure in the diametrically opposite pocket
%o drop correspendingly, and, consequenily, vill give rise to ieatoring foree,
The cross grocvas of the Jockets are intended fos establishing am ®oil® vedge d

during emergency fuierruptions ta liguid inp:%; the bearing functions as s

hydrodynamie bearinge

P
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Tige 128, Centrifugal pump vith magnetie drive,
(1) Dpedler; (2) treme; (3) drivea magaets;
(A) ariving magneter (S) nwhrane;
(6) houstage



Tizurs 127 shows analytical curves charscterizing a hydrostatic bearing of
the desigr discusseds To avoid variations in the load capacity of the bearing
is i3 couvidered advisable t0 bave an odd number of groovas, mmbaring at least
fivee

Purps with wmacnetie drivey Figure 128 shove =n airtight pump vith a Dagnes

tic drive; it is a combination of a cenirifugal xp witd a parmenest-naghet
clutche In this case the usv of perusanent magnets drive eosures high relias
tility as compared with electramgnets, as vell as campactoasse The bagnetie
coupling consista of driving and driven disks fitied vith harseshoe maghets,
Vhen the drive rotates, the magnets of the driving dizk attract the nagnets of
the driven Jisk and cauve the impeller shaft to retate.

Toe vorking volune of the puap is covered Ly eu sirtight bood which s
aticahad to the housinge The thidvalled somegnetic nembdrane forming the
eylindricel surfece of the hood 1a loceted Am the gap tetveera the poles of the
aaghetas Puzps of such desiga of up to 20 bp at 1,500 rzm 1AS are mamufaee
tuced 10 Eritais. The tranraiasicn of ocasideradle pover By mesds of magaetis
clutches s difficult from the design polat of viev oviag to the diffieulty of
arzanging the required mmber of magaeta, The pressure in the operating ehamber
of the pmp dejands ob ths strength of the armdrase ‘hoeo thickness 1o linited
by the 2ine of the gup detveen the poles of the magnots. The selection of the
pernissible liguid-metal tenperature 18 % a wasidersdle extent determined bWy
the operstiag cocaditions of the Ampeshalt bearisge sinse the pumped medium
2erves o8 the Judricent,

Dpe vith 208 00lf, Ampe vith gas sals do 20t require seals fer the
1iquid metal 1%002f; they are oquipped, tharefere, vith relatively simple
peckingse Cuatrifugal mmps with ges 0eals dave long shafts, vhese wpper beare

iags are Josated cutaide the 3020 of the liquid metel an' 180 vepors, A Geviee
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for regilating the loval :f liquid metal in the vorking volume of the pmp
should be provided,

Punps of this type are equipped vith seqls of inert zas wvhiclh £ills the
space over Lhe free rusfaca of the liquid metal, Rotating and labyrinth seals
are used,

Yhen soze gas lsavage into the stuosphere is toleradle, ordinary gland packe
ing or face-to-face typs contact packing can be useds The A tter packings pere
form reliebly uith lidricaticn; bowever, there 48 dunges tisi the lubricent will
peustrate into ths vorking space of the pump vith contanination of the liquid metale

Gas may Dot leak into tba stmcapheres wvheaa radicactire liquid metals are
izvolveds Cno of the designs for this case 18 sbova in Fige 129,

Tte gas=ecaled centrifugal pump shova 12 Fige 129 vas designed and mamme
fectured by the Enolls Atomiec Pover Laboratory for euteatie Na<X, The capacity
of the puzp 18 115 &7 /M0ur at 1,750 rpm, & 23« head, ad & NaoX temporatere of
355°Cs Tus electric dotor and the bearings are located over the free surfass of
t3e 1iquid metal 12 an ataosphare of tners gas, thay are protected frem flooding
by a ¢ipelius coupling the vorking volume of the pumd to o largessapacity exteraal
overflov reserwire Io the top part of the pwmp tank there 1s ladyriath aesd
ok the 2haft o restrict ges leaknge wvhea the housing of the moter 1o resoved,
and %0 pretest she beariags and the elestrie motor from the vapore of the pumped
metals Duriag operation, gas pressure ia 1de wpper and lover shambere 15 ideatie
oal and 0 gas leaks fate the atmospheress The extersal surfase of the upper
Wusisg 18 ¢0018d by alr frea the fab vhich ecels the moters All parts of the
B viieh soBe 1280 csdtact vith the Ma-k sutestie or it0 wapurs are mée of
type 18-8 statnless stedl.
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e Ut s warit 208 17 K s epantn
Fige 129, Centrifu.al pump for Na< alloy vith labyriath
€88 senl,
(1) Sasticn; (2) tmpellery (3) diselarge)
(\) overflow ecasestiony (5) shafts (6) moter
wustags (7) ecoling fany (8) labyristh seais
(%) rmp tank) (10) casings

A=y

¥,
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Foe 130 lentpufesuud uact ¢ Suplesue Tanbue VRAOTWRNCE

Fige 1)0s Contrifugel pmp vith fase-ro«fass gas Jeking,
(1) Liguid tales; (2) owtlete



Figure 130 shiwa 1 ceutrifugal jump ¢f tha Oak Ridge Lavoratory WS de~

signed for a liyuid«metal temperature of up to 750°c. The face=to-face contacte
type scal ia loeated iu neutral gas over the fres level of the hot 1iquides local
cooling of tha casing asd the neck of the shaft is provided to snsure pormal
oparating coniit ons for the packinge White=graphite cersis and hardened-stee)
rings vere used for the rubbiag elemeats of the seal, The fixed breakable flange
Joints of the vurp are fitted vitl metellic cvaleshared gaskets,

4 liguidezetal reciprocating pump with a gas sesl has Desd amployod ia the
ehcaical 1oiuatry at tesperatures up to aso°c vith heads up % 76 2. In this
casey DO spscial prodlena eross with resjyect to the seal or rubbing elessats.
Leakese thrcugh the piston vas returced t5 the settling tank of the pap sad the
rod vas senled with ordicary coft pmeking 1o order %o retsin the inert g ia
tte settler in the opace behind the pirton, The vilves vere of special edape,
designed to preveat juming or clogging by metal oxidese

Pac 11 Yarpets masymate 0b Gprole-
St Tewss § wATIOPS0N NUSPIRE-
SIMAMED  FOANTINNAN.

Fige Mls Pover wonmmed ia overcomiang fristiss
12 a frosen=podiwm seal,

(3) Thickness of the layer of 1iguid metal,
() Power, watte; (V) sesd loagth, m,
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Puc 132 Jarw nmais searseve Rpo-
WAPR WY NATDREROE  JANODAMRBSE>
WORR YRACTHERRE OF €10 ARNNM APE
PONRENZNE  NEDrAALNE  AWRAGNNS WA
yrauiwenns (49).

Pige 1324 Leikage tirough & frozen<scdium sesl as a
fusetion of its length at various proessure
drops at the seal (Ap)e
(1)6p=1eh atmon; (2) Dp= 2.8 atmes)
(3)%.;*Ae2 amos; 23 1,800 rpmy

‘M' 635 =, (a) leakage, -’m hours
(b) seal length, ma,

Ruzps with £ro300 200l8¢ Is Primeiple, fresen seals eonsist of o frietica
bearing vith a ssall elearanse f1lled vwith t3uid metade The oeck of the shaft
Fubs agaiast the eurfaee of 0o froaea metal forming & thia Wt sufficiently
visosus film of setal, Tae fila 1o naintained 12 tho liquid atate &ue %0 %2
mtcuum-.munucmuammuwnmm
Qosipaten the Meate 40 & Femult, 18 4oos Aot Deome hisk sncugh 0 euse o
nnsideradle loakage of metale The Deot of ta0 Mot metal ead the heat of frige
tluummmumﬂmlmwlwcw

mmwummsuumx’mumm
otlhodnltmw.mmduudmhcdm
astel (Fige 130) 2S.
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The magnitudo of leakage through the seal is detexmined by the velseity of
liquid flow through a parrov annuler slot at varying yressurse JFigure 132 gives
data ob leaknge wheb tha sbaft ssal 1s 63,5 mm in dimmeter end rotates at
5 2 1,800 rpm,

¢f great importance for norxwal perforzance of the seal is the cooling tempere
ture and tie purity of the licuid metal, since the ssal acts like a 00ld trep
vith respect to injurities (see Chapter VII)s The conteminatica of sodium by
oxides i the frecaing seal can lsed to jeming and brealdown of the pump; 1a
tbia econcecticn thke oxygen content of the metal ahould not exceed 0,009




Pac 13) Heutndranh na o 230 Satpel ¢ LNODARNSINUINIR S ) RIUTHORRIY.

Figs 13)e Sodium eeatrifugsl pump vith a frossh seele
(1) Inert gus spase; (2) leskage trepp
(3) tressa situng (h) hestery
(S) moltea sodiva vith & temperature of
208 more thea 100<310°0)
(¢) scolingmedium 1alete




It 15 advisable tc thermally insulate the seal from the whole system and te

place a liguid metal inlet space imedistely mext to ite The frozen 3ons should
bs as short as possidle in order to reduce the powver exganded for fricticas

The length of the seal va2s from & to 19 am in the pump showa in Fige 133

The fraa surface of the liquil =:tal was protected from oxidetion by inert gas,

The fIoica aoal is 0ot capable of withetandi=ng pressure drops greater than
several tenths of an atmosphere,

Vhen & horjzontal shaft arrangeaent §8 used {t is nacessary to taks measures
to epsure that the akaft defloctionat the scel will 2ot axceed 0,1 mae Play
of the shal't sbould Dot exceed 04025 mm to avoid plastic deformation of the
freaca motal as vell as exceraive heat release, Vith a borizoital shaft, ia the
wrenl the preswure of the liguid metal tl. the slot is less than the pressure of
tbe iners gos, the liguidemetal fila zay rupture add the gao peaetrates iate the
vorking voluze of the pumpe Varsieslesdaft pumps are ot liadle %0 these shorte
omingse Figure 13\ shows ad dmsrisas sodium ceatrifugal pump vith a frowsa asel,
designed for & capacity of 5o o7/aia and pressure dead of 305 B 4t & tmperse
ture of £50°C. The rump has & vertiesl sdaft fitted vith a froses seal and
o1riZht Mousing filled with jasrt gnoe THe odaft 2ily % W ia ddmeter &0
1osated under the lover dearisg at & distades of 300 m frem iSe Jor sseling the
upper surfese of the housing o ring 500 mn ia dimeter and 152 mn loig 19 o
videde The 218 of the pum) are nade of type M10 stainless stecl) thete S0 W
8004 c verk harden the ourface of Shaft 2oeks uader the seals after pelishiag
ter this type  of ovesly




Fige 134¢ Sodium centrifugal pump vith & frosen sesl amd
varticsl siafs,
€1) Ialat for ocolmat (toluems )y
(2) frosen-scdtm rings ()) coelant
outles; (A) eooling Jaskete

Figare 135 shovws an experimeatal surve for the pover 1ot due %0 the ac)
of %his pumge The maximan Ptarting acment for a shaft 76 mn 13 4lmmoter %o AolS
kgfne A5 the tampevature of the solidified metal avare She aelting poiat, the
ohenive ferees dinialsh, end eonsequently, the atarting moneat dinisishes,
Sealing vith o aeta) which 220 high themmal scadustivity mahes it pessidle %
Mave & taperature ia She eirenlar slet ¢lose te the fressing Jeist, The awrves

1a Pige 196 represent the charestoristies of the sediwm sesls showa i Mg, 197
ﬂu[“]o
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As abown by experience a seal ring vith conical exterior and oylindrical
iuterlor, forming & ccne-shuped metal film 045 om thick from the gas side and
14 mm from the lijuid-metal aide, performs more smoothly than a cing of cylisdrie
cal shape, Evidently, vith diminishing radisl gip the 80124 inclusions in the

the 1liquid oatal can gradually became ground down before they cause dmmage to the
sck of the ehafs,

th‘q-
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Tige 135« Pover takea up dy the frosea seal of the

pap shuva 18 Fige A\ 08 o funsties of
the mmbar of revolutions of tha shafle
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Fige 1364 Cooling capasity for o frozea seel s o
funetios of sedium temperature,
Q1) Seal, Fige 137s (2) s0al, Tige 130
(aumber of shalt revelntions) 1,200 rpa)
860 lemperstufes 50‘ O3 pressure drepe
0u235 ta/m’)e

The ool sleeve of the mp shova in Fige 137 has nilled Goudlo=tirend
helieal clannela for She evelent.walsh fiowe éovanard i oae helieel chonnel end
wuard 1a the athars
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A design with two indapendent cooling channels is shown in Fige 138. 1.8
lover cooling eirouit is formed by a double helioal channels The cooliag eireouit

Jrevools the 1iquid metal ip the region of the inrge radial gep, where foreign

of the slote The uppsr coviing circudt consiets of ah annuler chamber which
epsures freezing of the liqu;d metal ip the region of the marrow annuler slote
Tue shortlength and the emall radial gap in the region of ths frozen metal dee
creascs the rotating and the aterting momentse

Contrifugel puupe with frozen seale are coovenient %0 operate and repair,

They have high sfficiency due to the deence of rudding elements imnmersed in

liquid metale If the circulation of the coolent (wetery toluena, etee) whbich

fToezes the seal iz interrupted, the meal doea not fail at once, a8 & result of
which there are always severs) minutes for exergency measuress
P~* 5ing frozen esale are Dot ruitable for uee with liguida containing

sbras.. _.rticles which cause rapid wear of the shaft and the sesl,

36e PRlectramacnetis Puzps

In eddition to mechasical jumpm, electrcmagnetic pumps are used for pumping
1iquid metuls, which bave luv electrical resistance as compared to other liguidse

Electromagnetio jumps are lover in efficiency snd larger in sias and veight
than mechanical pumps, dut they £ind scceptance due to the folloving sdvantagess

1) Poszibility of complete ajrtightness of the assembly oving o the absence
of seals of any type;

2) simple operation and repair owing tu the abeence of moving or rotating
parta (bearinga) requiring replscement or lubrication)

3) conveniencs of location 1o a systen due to the nbnneo. of aspecial tanke

with & free surface for the suction endp

MOL-55k
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b) possibility of sdjusting the discharge overa widerange by changing the
iaput voltagee

Electranagnetis punps are sconanically practieal only f¢r pumping aliald
metals having & relatively high epecific veight and lov electrical resistance,
The energy ccnsumed in pumping them is relatively low.and in this reapsct the
officiency docs not exert u decisive influence on the selection of the type of
Epe

To date, ccuriderable esperience haz been sccunulated in operating various
types of electrcmagneiic pumps in large experimentsl plartse The Americen
General Electric Company hae tuilt aad tested a 115 n’/hour electromagnetie
pup for the zarinve pover plent on the sutmarine °Sea ¥Wolf*,

In all electrecegnotic pumps, the motor law i usedy Lo0e¢ £0TCO 18 oreated
by e cooductor carrying electricity in a magnetic fields The current flovs
alocg the liquid metale=s vhich plays the part of the conductore= in & direction.
parpendicular to the lines of foree; the liquid travels perpendieuhar to the
directions of the current and the lines of the fieldy the direction of displacee
zent iv determined by the left-hand rule,

Types of electromarnetic pumpa, According to the principle of operstion,
electramagnetic pumpa are classified as induction and conduction puxpse 3In both
claseos of pumps, the magnetio field is genorated by cores installed in the lmme=
diate vicinity of the ducts In induction pumps, the electrical current is exeited
in tha 1iquid metsl by coils exterasl to the duct, waiie in covduction pumpe the
current is fed in und removed via busbars conneoted directly to the duet,
Conduction paups can cperate on both direct snd slternating current,

The mcs ¢ important types of electramagnetio punps are listed bdelovs

Sondyotion pumps
le Direct-ourrent pmpe

24 Alternating=current pmpe
27¢
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Induetion
1, Helical induction DD

2e Flat=type livear induction pmp,

3¢ Aomular linear induction PEDe

4« Induction pump with rotating field,

In helizal pumps ths liquid matal acquires = rotating motion, in linear
pusys translaiioual i <ion ocnlye In all types of linear induction pmps a sliding
"1eld of polyphase current is usede

Very advaaced designs of conduotion pumps, both d«c and a-c, &5 vell am flate
type linear induction puips ere available at presente Helical and annular jnduge
tion purps are being atudied in Rritain snd tha GSAe Puzps with rotating zagnets
aro uazufastured only in e&mall quantities by industry ia the USA,

A comon sbortcoming of conduction puzps is the large amcunt of curreats
vhich require cwrent~conducting buzbars of large cross sectiom that aust de
oonnested to the thizvalled 1iiquid-metal ducts,

Tle advanteges of slectromagnetio dee Pups include aimplicity of design,
convenience in operation, ani dependadbility of the eloctric insulation, There
is experience vith ccatinucus service of such pumps with liquidemetal tapera=
tures of up to 800°¢ with Batural air cooling of the winding,

The oversll efficiency of dwo mpe, including losses at the pover aupply ,
15 adout 15-20% for mmall pusje and 40-50% for large areadliesy fed from haomge
polar generators, Purtheruore, since the demands on the electric insulation
are oot severs, these pumps may be operated under intensive radtetion vithous
ereating great difficulties,

An sdvantege cawcn 10 a=0 electiumgoetie pumps is the posaidility of
using ordinary sources of supply for them, At bigh capacities they are compare
able in size and officiency t0 4~ pumpe o
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Fige 139¢ Quantities i3volved in equations charscterising

the flov cf liquid metal in tho magnetic field of

& Dumpe

A disadvautage of a=c pumps is the zeed of specisl cooling by forced oiroue
lation of air or scme fluide Furthermore, they are more ocmplex to produce and
aa e axpensive thean d=¢ puaps. The majority of electrice=insulation mterials
used for vindings in a=c pumps are sensitive t0 redicsctivity,

The main advantege of induation pumps {8 that they 4o not require high
curreata in or out of a thizwalled duct by means of heavy busbars from special
pover mppliese

Puzps vith rotating magnets, whioh 40 DOt Pequire. current=conducting buse
bars and have a simple pover supply, sre of definite interest.

The fields of application of the variocus types of electromagnetie pumps
depedd on their particular features, The aee conduction pumpe are used for mmall
assemblies; a=¢ puaps are best far bimmith in assemblies of verious capacitissg

Indiction punps are usm to wove liquid metals having lov resistivity, low :

oTA
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viscosity, and lov density (sodiume-potassium alloy, sodjum, and lithium), ;
Helical induction pumps are effestive at lov capacities and high pressure headss .
and linear induction pumps for high cspacity at varicus pressurese Tabdle &S
iudicatsa the types of electrcmagnetio pumps recommended £or use under different
operating conditions f h!‘:’ °

Table 46 gives the baeice characteristics of some electromagnetic puups which
bave been constructed '_53?0

-

Desitn of electromagnetie pumps, Lat us present the basie squations common

to all types of pu-ps, characterizing the flow of liquid metal in the magnetie
field of the puxp "h3]e
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Discharge and

pressurs hua.

Sodium NaeX
allay

TABLE AS
Typea of Klectromagnetic Puaps Reoczmended for Varicus Opsrating Conditioas

‘Blemuth

A=¢ conluetion xmp operating Ae-e conduction pump operating oa

line frequensy through

a tr

Ccxfusticn pump szarating oa lime
frecueney with or vithous o
transforaes

—Arensforaer

Helical dve pmpe Helieal o=
coddustion pmp vith & separete

Do and aeg condustion pumps
vith separste trensformere

Des and e scaduetivn pape at

lovered frequeney with sederete
treasfornwrs

< 52,

<2 kduz ob lins frequency through
4 _tranaformer

Se22 13/hour. Linear induetian pmpe Clas

<2k¢/u2 duction punp opsrating od
1ine frequedsy with &
separate tranafcraer of
sannegted %o 3%

<30 I’ baur, Hellcal industioa pump

~ 17 e/’

<20 0/iur,  Lineer iaductica pumpes Dee

~bh kd-a and a=e ocndueticn Nmpe
cpeTating ob line frequensy
Jith_serarete trenaformers .

<00 -’M Lisser induction pumpee D

L1 w-a and s=¢ codduetioa pmmpé ot &
loversd frequeney vwith separe

-a1e trssefurmere
>200 o° ez, Linsar i1ndustica pumpe, Des
>7 /et corduction pmp

Des pxmpe Ave sonduction pmp
ot loversd frequensy vith o
seperate trenaforuner



TABLE A6

Matn Features of t1e Fumps
Trve %-m +
il .
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Aot lat type | 1eb {1e0 [0.05/400 | 0626 | = [ - -
A-s 36 107 |00 e [ | | . -
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If a3 elment ¢ licuid with dimansicds dx, dy, and s (Fige 139) is plesct

in » magnetic field vith strength lx (osrated) anda surrent flows slong the elment
vith density I (smpere/ca®), thea i the = directica it vill experience & fores |
p 4 H

|
or. I, 190 (se)
Y]

(24
The total presaure developed by the [amp whea its effective lengih 18 ), i

“J,u. “ W ")

e - T
[}

Thea the pover at the puip dissharge s
Py ’;gf ” TN ‘”’

1n vbieh go 0} ¥ -’/ml
§ «nd b are tho dizsmslons of the eress ssction of the channel, cu (s0e Pige AN
3 ia the velocity of metal flov in the duet, m/ees,

700 basie pover losses consist of resistanse losses i3 the 1iguid metal O').
1a e visdiags 0.).““.&“\““.(").llvouulhw.m~
mnmumn«uwmmmo.).

The resistance Josees 1 the liquid ne-al can bo doternined by the following
oguatiens

Py ~att 5 Ne - wn ()

vaere 18 the alestrical resistivity of Shn metal, olm'm,

The exdinary astinds of saleulating hpdrenlic fristion 100000 cennet do
used 1a designing elostrcmagnetio Jmpe 18 viev ¢ 10e high cobductivity & the
1iguid metal ad e offest of the magnetis f10ld o8 18, Vhen the Miquid amves,
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acroals are induced in 18; the intersetion of thsse currents with the aagnetie
£1214 leads to the formation of forees which csuse sdditional rosistance 10 dise
placenent and, consequeatly, 1o ea imcrease in hydrsulie losses,

The heead expended in overemming frictioa ia & veoctangular duct with a high
Tatio of length to lld.l.- | is determined from the exgreasice
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A= oty
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where - ia the frietioa coefficlent;

e
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4 1s the leazth of the duect)
¥ is Jquid flov rateg
& 18 the leagth of ths longoat side of the crors section of the dust; and
§ 18 tbs avitaticoal aceslerstioms
For turbuleat flow i a duct with a:ooth walls and vhesre the Bagretie fieMd
bas & noticesdl. effess, the coafficlent of Iristion ead de értarmined frca the
eschventiczal eguatics
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vasre g
‘v 15 the Kiamatis viscostty of the liguid, @'/eese
Iavestigation of the Lafluence of & Bagnetie fleld o8 the flov of Beveury
oaowed that She effestive viseosity of liquid iaereesse vith risiag fiell streagthe
I this sese, the wefficient of frictien cad bo detamnined from the sgmetien
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where M $s the magnetic permeadility of the liquid;
Hy o wagnetie induction, gause

Mo dynamic visoosity, gauss/ancseeg

(@ » slsctric 1 sistivity of the liguidy clmemme
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If 3% 12 asemed that Ko (95) 18 sorrect for mmall valnes of m and R (96)
Zor large values of m, then the fusetion C(:= 7(m)can be resresented graphe ’
Scally for varicus Re (Fige 140)

%o deaign indnetica pmps, dasie equations can de derived giviag the rele-
tionship wong the pump parsmetars and the electrisal quaatities (ourreat density,
voltage in the winding, uaynetising ampare-windings) as well as fer caleulatiang
the sfficiency of the pmpe Oorresponding caloulated dependences are gveas 1a
tha paper menticded adove ;\i,. This pal<T also gives the basie eguations fer
deoigning d=e ocrduction p=ps alloving for the i1aflueace of aa offeet analogous
$6 ke resotion of the armatures of electrie notors or alloviag for eompenses
ticn for thia effeet by means of a empesatisg viading, Thees seme equations
oak be used to deelige ave evadustion praps Wt allevanses should Ve mede for the
$allusdse of losses oving %o o2dy ewrTents 1a the metal a3 well a8 {ndneed
surrests 18 the scapensatinsg viadiag and is the duet walla,

f=e_coination pops Figure AL shovs echexatically & des ccaduetien pumpe
¢mwrmt.vu¢u.msuotmu«uwmuum
Batuesa the poles of the alsstromagnete The eurrent, fod by copper bushers
bresed %0 She Must, jasees through the liquid and Pert tircugh the Guet wallee
Ia order %o seduce Jover 1000es o the mialnm, the duet valls are msde e thia
o0 possidle aad of & asterial vith digh elestrical resistence, Sme of the
ourvent 15 t1he 1iquid metal pesces throngh the streng seagaotic £1el4 sems,
giviag rise %o axial feress neviag the netal, and seme, treveling amvund the
streng £1014 5000 (000 Pige 12 0),% & csnsidarsdle extent 15 Moot %0 offestive
epwetion of %he PEpe These Josees tan bo reluncs